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Abstract 
This research has been performed in the framework of the Virtuhcon project, which intends to 
virtualize high temperature conversion processes. Coal gasification is one of these 
processes, which is nowadays considered as a promising technology for the chemical 
industry. This study is devoted to the coal char physical structure, which is one of the most 
important parameters influencing coal gasification reaction. 
First, this study presents the extensive literature review of the char physical structure role 
during its conversion. Collection of the char structural properties as well as their changes 
during char conversion are shown and discussed. 
Literature review is followed by the experimental investigations. Chars prepared from two 
brown coals (Lusatian and Rhenish) were gasified in a laboratory scale fluidized bed reactor 
in CO2 at temperatures of 800, 850, 900, and 950 °C and atmospheric pressure. Char 
samples were gasified completely as well as partially in order to evaluate the reaction 
kinetics and char structural changes during the reaction, respectively. Complete gasification 
curves were evaluated by different methods, including application of three gasification 
models (the Random Pore Model, the Volume Reaction Model, and the Shrinking Reaction 
Model), instantaneous reaction rate approach as well as the self-developed surface-related 
reaction rate approach. The results of different approaches were compared. 
This study also presents a comprehensive methodology to analyze coal char physical 
structure. The variety of measurement techniques (gas physical adsorption, mercury 
porosimetry, helium pycnometry, SEM, etc.) were applied to assess structural properties of 
the char, such as specific surface area, particle density, porosity, pore size and shape, 
structure morphology, etc. Problems associated with the choice of a proper measurement 
technique and the comparability of the data delivered by different techniques were discussed. 
The main objective of the study was to link char structural changes to the char gasification 
kinetics. The specific task of this thesis was to investigate pore size in relation to their 
availability for the reaction. As such, specific surface areas of pores of different sizes (from 
sub-micro to mesopores) were correlated to the instantaneous reaction rates. 
Both chars exhibit similar trends in their structural changes during gasification, although the 
absolute values differ, especially with respect to the pores of microscale. Furthermore, 
structural changes were caused not only by the reaction but also by the influence of the heat 
treatment, especially at the earlier stages of the reaction. The most reasonable correlation 
has been achieved between the instantaneous reaction rate and the specific surface area of 
mesopores. Sub-micro- and micropores did not govern the gasification reaction under given 
conditions. 
Finally, kinetic parameters derived from different evaluation methods were reapplied in order 
to test their ability to predict the experimental data. Each of the method has its advantages 
and disadvantages as used for the kinetic evaluation. 
The results of this study represent a substantive base of the experimentally derived data 
concerning physical structure and morphology of coal char. The findings can be used in 
numerical and simulation studies for development, validation, and improvement of the 
models which consider coal particle as a reactive porous solid.  
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CHAPTER 1 Introduction 
1.1 Background 
Coal remains an abundant, stable, and cheap fuel all over the world and for Germany (e.g. 
German lignite) in particular. Such technologies of coal utilization as gasification or 
combustion have been for a long time considered as detrimental because of the significant 
pollutant emissions (e.g. CO2) into the atmosphere. Modern gasification attempts to utilize 
coal in a cleaner and more sustainable way, generating primary feedstock for chemical 
industry (1). Another challenge is finding a means of efficient utilization of low-grade coals 
(low-rank, high-ash, and coal fines). The depletion of the higher rank coal resources and the 
existence of a huge quantity of left over coal fines as a result of coal mining and pre-
utilization processes have necessitated the reconsideration of the current gasification 
systems (2). 
Conventionally, coal gasification is performed in three types of the industrial-scale gasifiers, 
which principally differentiate from one another in their contacting method between solid and 
gas – a moving or fixed bed, a fluidized bed, and an entrained-flow gasifier (3), (4), (5). 
Gasifiers of different kinds are operated under certain conditions and are typically designed 
and suited to a specific type of a solid fuel. 
1.2 Motivation for the study 
Optimization of the gasifier design, its suitability for a wide variety of solid fuels (coals) and, 
more importantly, its ability to meet the requirements of the rapidly changing conditions of the 
energy sector is currently a global research question. As such, high expectations for 
improvement of gasifier design are placed on modeling and numerical simulation studies, 
which are considerably more efficient in terms of time and money than the experimental 
ones. Still, modeling studies permanently lack a solid basis of the experimentally derived 
data. The Virtuhcon project founded at the Institute of Energy Process Engineering and 
Chemical Engineering (Technische Universität Bergakademie Freiberg) allows close 
collaboration between the experimental and modeling investigations in the field of the high 
temperature coal conversion processes (Project Number 03Z2FN12). 
Many computational models concerning high temperature coal conversion processes have 
already been developed e.g. (6), (7), (8), (9), (10), (11). The models consider behavior of a 
single coal particle (12), as well as the entire gasification system (13), (14). Some models are 
focused on coal particles as porous solids (9), (15), (16), (17) (18), (19). While the extreme 
natural complexity of the coal pore system makes it difficult to model, especially on the scale 
of micropores, coal porosity is a crucial parameter that can affect the entire gasification 
process (20). Even so, a model should be capable of reasonably representing coal pore 
structure with respect to the coal gasification kinetics. As such, among the most important 
experimental data needed for model validation and improvement are the coal 
structural/morphological properties and their changes during its gasification and, what is 
more important, their correlation with the gasification kinetics. These structural properties can 
be listed as follows: specific surface area, apparent and true densities, porosity, pore size 
distribution, pore volume, pore shape, particle shape and particle size (21). Most of them are 
already considered to be the input parameters for different models (e.g. the Random Pore 
Model (22)) and for calculations of the various phenomena related to char gasification (e.g. 
pore diffusion processes, transport phenomena). Detailed knowledge on this subject may 
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simplify the simulation procedure of the coal particle as a porous solid and, as a result, to 
improve the accuracy of the model. This study is specifically devoted to the investigation of 
the gasification behavior of two low-grade coals (German brown coals) towards CO2, their 
structural changes during the gasification under fluidization conditions, and their correlation 
to the gasification kinetics. 
1.3 Scope of the thesis 
This thesis consistently addresses three main aspects: gasification kinetics of two brown coal 
chars, their structural changes during gasification, and a link between the structural changes 
and gasification kinetics. As such, the objectives of this study can be listed as follows: 
 Comprehensively review existing literature of the coal/char physical structure role during 
its gasification/combustion. Create a collection of coal/char structural properties; 
 Evaluate collected structural data in order to reveal some regularities; 
 Study gasification behavior of two brown coal chars towards CO2 under fluidization 
conditions at four temperatures by means of different kinetic evaluation approaches; 
 Evaluate char physical structure properties by the variety of the measurement techniques. 
Substantiate the choice of the measurement technique and interpretation method 
according to the specifics of char structure; 
 Investigate the changes of the char physical structure during gasification, revealing general 
trends for two brown coal chars as well as presenting a collection of the absolute values; 
 Compare the observed structural changes with the assumptions of the kinetic models; 
 Specify the role of the specific surface area of different pore sizes during gasification; 
 Link char gasification kinetics to the char structural changes and develop surface-related 
kinetic evaluation approach; 
 Critically compare three different methods for gasification kinetic evaluation and propose 
global kinetic equations. 
The results of this study may serve as a contribution for modeling and numerical simulation 
studies to contemplate their approaches considering a char particle as a porous solid. This 
study contains an enormous collection of the values of structural properties of coals and 
chars as well as the correlations of their changes during gasification. 
1.4 Layout of the thesis 
Chapter 2 presents the required fundamentals of the coal gasification kinetics and an 
extensive review of the literature results concerning coal/char structural properties. This also 
includes a review of the existing methods to evaluate structural properties. Chapter 3 
describes experimental procedures and tools used to perform this study and evaluate the 
results. Chapter 4 explicitly describes the results of this study. Chapter 5 sums up the most 
important findings according to the scope of this thesis and highlights their significance.  
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CHAPTER 2 Literature Review  
The chapter is divided into three subchapters (2.1, 2.2 and 2.3) to emphasize the main 
focuses of this thesis. As such, Subchapter 2.1, “Fundamentals of coal gasification kinetics,” 
generally summarizes the main trends of coal gasification kinetics under the influence of 
different conditions. Mathematical expressions of a gasification reaction rate and descriptions 
of models for predicting gasification kinetics are reviewed. In addition, a rationale for further 
investigation of the coal/char physical structure with respect to gasification kinetics is 
provided. Subchapter 2.2 “Coal char structure and morphology: measurement techniques 
and methods” summarizes the most widely applicable measurement techniques used to 
assess coal’s physical structure. The third Subchapter 2.3, “Coal char structure and 
morphology: changes during char conversion,” refers to the role of coal’s structure with 
respect to char conversion reactions. Previous attempts to correlate char gasification 
reactions to char structure changes are discussed.  
2.1 Fundamentals of coal gasification kinetics 
2.1.1 Introduction 
A large number of experimental studies have investigated coal gasification/combustion 
kinetics. Various gasifying/oxidizing agents such as CO2, O2, air, H2O and mixtures of them 
have been employed at a wide range of temperatures and pressures in different types of 
reactors. The most widely studied heterogeneous gasification reactions are a Boudouard 
reaction (Eq. 2.1) and a water gas reaction (Eq. 2.2) (23):  
C + CO2 ⇆ 2CO ∆RH0=+172.5 kJ/mol Eq. 2.1 
C + H2O ⇆ CO + H2 ∆RH0=+131 kJ/mol Eq. 2.2 
Both reactions are endothermic and relatively slow (in comparison to the reaction with 
oxygen (24)). Generally speaking, these reactions are a rate-determining step for the 
gasification system. Therefore, their mechanism is crucial in choosing the operational 
conditions for gasification as well as for a gasifier design. In order to create, optimize and/or 
improve the design of an entire gasifier, mathematical and process models are widely 
applied. Intrinsic gasification reaction kinetic data is required as a foundation for any 
mathematical or process model of this kind. In order to investigate an intrinsic reaction rate, 
lab-scale gasification experiments are usually performed under certain conditions to keep the 
reaction within a chemically controlled kinetic regime. Relatively low reaction temperatures 
and small coal particle sizes are preferable to ensure that the reaction remains within this 
regime. It is also important to consider a method for evaluating experimental results in order 
to define kinetic parameters, such as an activation energy (Ea), pre-exponential factor (A0), 
and reaction order (n). Many evaluation techniques and expressions can be found in the 
literature. A rather comprehensive review on char gasification kinetics under CO2 atmosphere 
has been published (25), covering all of the most important factors influencing char 
gasification kinetics. 
The objective of the current literature review is to reveal the fundamental trends of coal 
gasification behavior under different conditions, as well as to describe the conventional 
methods used to determine the kinetic parameters. There have been many attempts in that 
direction, separately investigating the influence of different parameters, as well as studying 
their joint effect on the coal gasification kinetics. Some of those parameters that are related 
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to the scope of this thesis will be discussed in detail. Since the main emphasis of this work is 
placed on coal gasification, this review will mostly cover specifics of gasification reactions. 
However, pyrolysis and combustion fundamentals will be addressed briefly as required. 
2.1.2 Pyrolysis step  
Before being gasified, coal is pyrolyzed. Experimental lab-scale studies often address either 
the pyrolysis or gasification step separately. Pyrolysis is usually accompanied by drastic 
physical and chemical changes within coal structure. Those changes are influenced by 
inherent properties of the coal (e.g. coal rank) and the operational conditions of the pyrolysis, 
such as temperature, heating rate, pressure, and residence time. There are numerous 
studies investigating how pyrolysis may significantly influence the properties of char, which, 
in turn, may affect further gasification behavior (26), (27), (28), (29), (30), (31), (32). A brief 
overview of some specifics and experimental findings is provided below. 
In many cases, inherent properties (rank, petrographic composition, ash composition, particle 
size, etc.) of the original coal essentially determine the pyrolysis behavior, as well as 
properties of the corresponding char and its subsequent gasification behavior. Vitrinite-rich 
coal leads to the creation of vitrinite-rich char, which is more porous and, thus, more reactive 
compared to the dense chars produced from inertinite-rich coals (27), (31). Ash content and 
composition play an important role in coal utilization. Mineral matter components have 
varying effects on the pyrolysis process (32), (33), (34). Such components as calcium, iron 
and magnesium were found to enhance the pyrolysis rate, while silicates inhibit coal pyrolysis 
(33). Clays and quartz had marginal effects on the pyrolysis of bituminous coal (34). The 
porosity and surface area of chars prepared from coals with a high ash fusion temperature 
increase with increasing pyrolysis temperature (1473-1773 K). However, porosity and surface 
area decrease with pyrolysis temperature for chars prepared from coals with low ash fusion 
temperatures. Ash melting likely causes the char pore structure to change (32).  
The influence of the pyrolysis operational conditions is also briefly reviewed. Higher pyrolysis 
temperatures and longer residence time may cause char deactivation, which in turn reduces 
char gasification reactivity. A higher heating rate during pyrolysis leads to higher char 
gasification reactivity. This effect is more pronounced at lower pyrolysis temperatures (26). It 
has also been shown that high pyrolysis heating rates lead to the chars with larger porosities 
and more open pore structures (28). This, in turn, may influence further intra-particle diffusion 
of a reactant gas and affect a gasification rate. The effect of pyrolysis pressure on char 
formation has been recently reviewed (35). Char samples prepared under pressurized 
conditions have differing properties from chars prepared under atmospheric pressures (30). 
In general, the char conversion rate increases with increasing operational pressure. 
However, it has been also shown that the increasing pyrolysis pressure leads to a decrease 
of volatile matter release, as well as to a decrease of char porosity. Chars with low porosity 
were found to be less reactive (36).  
2.1.3 Gasification/combustion step 
Overall reaction rate  
The overall chemical reaction rate at which carbon is converted over time due to the reaction 
with a gasifying/oxidizing agent (Eq.  2.3) is a function of several parameters (4). 
Rov =
dX
dt
          (Eq. 2.3) 
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rate if the entire internal surface participates in the reaction (4), (49). The mathematical 
expression of the effectiveness factor can be written as follows (Eq. 2.5) (4): 
η =
3
ϕ
(
1
tanh (ϕ)
−
1
ϕ
),         (Eq. 2.5) 
where ϕ is a Thiele modulus of a particle, which can be calculated as shown below (Eq. 2.6) 
(50), (51): 
ϕ = √
k Sv
Deff
rp,           (Eq. 2.6) 
where k is the reaction rate constant (m/s), Sv – char specific surface area (volume base, 
m2/m3), Deff – effective intra-particle diffusivity of the reactant gas (m2/s); r – radius of the char 
particle (m).  
The Thiele modulus expresses such important parameters as the reaction rate constant, 
diffusivity within the particle, average pore size, average pore length, etc. (52). When η = 1 
and ϕ<<1, the reaction rate is low and the reactant gas can effectively diffuse through the 
particle structure. When η<<1 and ϕ>>1, the reaction is extremely fast and the reactant gas 
is consumed directly on the surface of the particle (Fig. 2.2). When that is the case, the 
overall reaction rate is controlled by external gas mass transfer and is not influenced by any 
of the discussed above parameters. 
In the case when the reaction rate is only a function of the inherent properties of the char and 
the available surface area, it is defined as an intrinsic reaction rate. 
Mechanisms controlling the reaction rate 
Four parameters are addressed in the diagram shown above (Fig. 2.1). The extent of their 
influence on the overall gasification rate is strongly affected by the gasification operating 
conditions (e.g. temperature, total system pressure, partial pressure of the reactant gas). 
Many studies have been performed to investigate the influence of operating conditions on the 
gasification course (37), (53), (54), (55). The influence of temperature on the reaction rate 
can be observed using an Arrhenius diagram (Fig. 2.2). A higher temperature shifts the 
reaction from Regime I, where the rate is controlled only by the chemical reaction, to 
Regime II, where the rate is also limited by the gas intra-particle diffusion. Finally, the highest 
temperature shifts the reaction to Regime III, where the rate is only controlled by external gas 
mass transfer. Industrial-scale gasification processes as well as pilot-scale laboratory tests 
take place under Regime II and/or Regime III conditions (38). Generally speaking, 
temperature has a direct effect on the reaction rate under Regime I: higher temperature 
eventuates in a higher gasification rate. 
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thickness of a sample layer inside the crucible is also relevant and influences coal 
gasification kinetics (65). Also, investigating a small amount of char in TGA, as is often done 
on a scale of milligrams, may complicate further analysis of the char after partial gasification.  
The second most commonly used reactor type is the fixed bed reactor. Several foundational 
studies concerning the intrinsic reaction rate of char gasification have been performed in a 
fixed bed reactor (24), (66). The size of the sample is also limited in a fixed bed system in 
order to ensure a stable temperature within the bed and reduce diffusional problems of the 
reactant. 
Fluidized bed reactors have not been used often in experimental studies related to 
investigating the intrinsic reaction rate of char, due to their complex hydrodynamic pattern 
(43), (67). In some studies, a fluidized bed reactor was employed for coal gasification at 
elevated temperatures in order to simulate conditions close to an industrial-scale entrained 
flow gasifier (26), (68). Since the fluidized bed reactor was used as an experimental setup 
within this study, its specifics are discussed in Chapter 3. 
Mathematical expression of the reaction rate 
As already noted, the overall chemical reaction rate of coal conversion is a function of 
several factors. The most important of them are described above and taken into account in 
the mathematical expressions of the reaction rate. One of the options to mathematically 
express the overall reaction rate is written as follows (Eq. 2.7) (55), (56), (68), (69): 
Rov =
dX
dt
= r(T, Cg)𝑓(X),        (Eq. 2.7) 
where r(T, Cg) – the intrinsic reaction rate which is a function of temperature and reactant gas 
concentration (m/min); 𝑓(X) – function, which describes the change in char physical structure 
during the reaction. 
Eq. 2.7 describes the nth order reaction kinetics under Regime I conditions, neglecting the 
intra-particle diffusion of a reactant gas (66), (70). The inherent properties of the coal/char 
are considered within the intrinsic reaction rate r(T, Cg), which is also a function of 
temperature and the partial pressure of gas; the overall reaction rate is sometimes shown as 
(Eq. 2.8) (62): 
Rov =
dX
dt
= k (T)G(Cg)𝑓(X),        (Eq. 2.8) 
where G(Cg) reflects the reactant concentration dependence and is typically expressed as 
[PCO2]n, where [PCO2] is the partial pressure of the gasifying agent (namely CO2) and n is the 
reaction order; k (T) is the apparent reaction rate constant, which is a function of 
temperature. 
The apparent reaction rate constant can be expressed based on the Arrhenius equation 
(Eq. 2.9): 
k (T) = A0e
−Ea/RT,         (Eq. 2.9) 
where A0, (1/min) – pre-exponential factor; Ea, (kJ/mol) – activation energy, R – gas constant.  
The reaction order n can be determined as follows (Eq. 2.10): 
lnR(X) = lnc + nlnPCO2         (Eq. 2.10) 
The order of the reaction can be obtained by plotting lnR(X) against lnPCO2 (at constant 
temperature T). The reaction order typically varied from 0 to 1 (71). The increase in the 
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2.1.4 Kinetic models and their application 
Kinetic models are typically based on one of two main assumptions concerning char 
structural changes (77): 
1. The char particle is porous and converts maintaining a constant diameter and 
changing density. 
2. The char particle is uniform and converts at a constant density and shrinking 
diameter. 
The first assumption is more suitable to describe the reaction under Regime I conditions, 
while the second – under Regime II or III. 
Among the models proposed in the literature, the Random Pore Model (RPM) (22), the 
Volume Reaction Model (VM) (69), and the Shrinking Core Model (SCM) (78) are the most 
well-known and widely used. The equations for the models express the overall reaction rate. 
The differentiated and integrated forms of the equations are shown below (Eq. 2.11-2.16):  
For the RPM 
dX
dt
= kRPM(1 − X)[1 − 𝜓 ln(1 − X)]
1
2       (Eq. 2.11) 
(
2
𝜓
) [√1 − 𝜓 ln(1 − X) − 1] = kRPMt       (Eq. 2.12) 
For the VM 
dX
dt
= kVM(1 − X)         (Eq. 2.13) 
−ln(1 − X) = kVMt         (Eq. 2.14) 
For the SCM 
dX
dt
= kSCM(1 − X)
2
3         (Eq. 2.15) 
3(1 − (1 − X)1/3) = kSCMt        (Eq. 2.16) 
More details concerning the models are shown in Table 2.2. 
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Table 2.2 Mathematical description and assumptions of the kinetic models 
Model Theoretical background Model equations Models shortcomings 
Used in 
literature 
RPM 
Particle – sphere; 
Pores – cylinders; 
Reaction – 
everywhere on the 
pore surface; 
Pores enlarge and 
then coalescence; 
Maximum reaction 
rate peak. 
Eq. 2.11-2.12 
No pore is destroyed; 
 
No new pore is created; 
 
Pores of different sizes 
enlarge at the same rate. 
 
(37), (38), (55), 
(56), (58), (59), 
(62), (69), (79) 
VM 
Particle – sphere; 
Reaction – in all 
possible positions 
uniformly throughout 
the entire char. 
Eq. 2.13-2.14 
 
No direct structure 
changes; 
 
Monotonically decreasing 
reaction rate. 
 
(37), (55), (56) 
SCM 
Particle – sphere; 
Structure – 
aggregation of non-
porous grains; 
Reaction – 
everywhere on the 
outer surface of the 
grains. 
Eq. 2.15-2.16 
No structure changes; 
 
Monotonically decreasing 
reaction rate. 
(37), (38), (55), 
(56), (62) 
The RPM is most often applied in experimental and modeling (9), (80) studies and can be 
considered the most successful model for describing and predicting gasification kinetics. The 
main advantage of this model is that it directly considers changes occurring within the char 
pore system. The model allows for prediction of the reaction behavior with and without a rate 
peak. The peak in the reaction rate is associated with the pore growth during the reaction. 
The peak may arise due to two opposing effects: pore growth and their subsequent 
coalescence. The dominating effect of pore growth on pore coalescence leads to the 
pronounced reaction rate peak. In contrast, faster pore coalescence with respect to pore 
growth causes no obvious reaction rate peak. 
Moreover, the model directly considers structural changes and allows for the prediction of the 
specific inner surface area (volume base) at any stage of the char conversion (Eq. 2.17). 
SV(X) = S0,V(1 − X)√1 − 𝜓ln (1 − X)  ,      (Eq. 2.17) 
where SV and S0,V are the actual and initial specific surface area in m2/m3, respectively. 
The char structure changes discussed above are considered by model via the structural 
parameter 𝜓. This parameter can be determined using different approaches. First, it can be 
estimated according to its definition through the initial structural properties of the char 
(Eq. 2.18) (22), (81). 
𝜓0,calc. = 4πL0 (1 − ε0)/ρappS0
2,       (Eq. 2.18) 
where L0 is the total pore length expressed in m/g; ε0 is the initial total porosity; ρapp is the 
apparent density, g/m3; S0 is the initial pore surface area expressed in m2/g. 
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The second approach that is more commonly used in experimental studies (27), (55), (62), 
(82) is based on the maximum reaction rate expression (Eq. 2.19). This approach does not 
require any preliminary analysis on the char structure. 
𝜓Xmax =
2
2 ln(1−Xmax)+1
 ,        (Eq. 2.19) 
where Xmax is a carbon conversion degree corresponding to the maximum reaction rate. 
The third approach includes the determination of 𝜓fit.param. as a fitting parameter to the 
experimentally derived data (60), (83), (84). The values of 𝜓fit.param. can significantly vary (as 
reference, from 2 to 65 (60), (83)). Fitted structural parameter 𝜓fit.param. does not necessarily 
match the 𝜓0,calc. (81). In this thesis, the structural parameter 𝜓 was estimated using all three 
of the above-described methods. 
The RPM still cannot perfectly reflect a realistic pore structure; thus, different modifications of 
the RPM were proposed. Modifications concern shape of pores, rate of their growth and 
presence of the ash within the carbon matrix (82), (85), (86). 
The VM and SCM are less commonly used models in experimental studies. Both assume 
that a particle is a sphere; however, the mechanism of particle conversion differs from one to 
the other. While the VM assumes the reaction throughout the whole particle, the SCM 
considers the reaction only on the particle surface. Therefore, according to the VM, the 
particle diameter remains constant as the reaction proceeds, while the particle diameter 
gradually decreases in the case of the SCM. Neither of these two models takes any direct 
changes of the char structure into account. 
There are some other models which can also predict a maximum reaction rate such as the 
overlapped grain model (the OGM) (87) and the partially sintered spheres model (the PSSM) 
(88); however, they are not widely used among studies investigating coal 
combustion/gasification because of their empirical approach. 
2.1.5 Subchapter summary 
Based on the review performed above the following most important conclusions can be 
highlighted: 
 Coal gasification consists of the following key steps: drying, pyrolysis and 
gasification/combustion; 
 The heterogeneous gasification (combustion) reaction can be a rate determining step for 
the entire gasification system; 
 Overall gasification rate may happen under the conditions of three regimes: Regime I, II and 
III; 
 Overall gasification rate under Regime I conditions is a function of coal inherent properties 
and the surface area available for the reaction. Such reaction rate is considered as intrinsic; 
 Available specific surface area is not a fixed parameter – it changes as char conversion 
proceeds; 
 Coal inherent properties significantly influence the reaction rate due to the coal rank and the 
catalytic activity of the ash constituents; 
 Char specific surface area and pore system are important parameters under both Regime I 
and Regime II conditions; 
 There are typical kinetic models used to evaluate/predict overall reaction rate; 
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 The RPM is the most widely used kinetic model among experimental and modeling studies 
because it takes into account direct structure changes during the conversion and most 
accurately predict the experimental data. 
One more important step forward in coal gasification modeling could be developing a 
mathematical tool for the transfer of the Regime I kinetic data to Regime II. These attempts 
have already been successfully undertaken using an effectiveness factor approach, which 
again refers to coal physical structure data (38), (47), (48). 
Therefore, coal/char structure is a crucial factor for gasification kinetics evaluation, since it 
plays an important role for both Regime I and Regime II conditions. Furthermore, a precise 
evaluation of coal/char structure is also required. The next subchapter reviews available 
methods and techniques for coal/char physical structure evaluation. 
2.2 Coal char structure and morphology: measurement techniques and 
methods  
2.2.1 Introduction 
The char physical structure is typically specified by such properties as the specific surface 
area, true and apparent densities, porosity, pore volume, etc. The aim of this subchapter is to 
summarize techniques and methods, which are typically used to asses mentioned above 
properties. Advantages and disadvantages of the techniques are shown with respect to the 
specifics of coal/char physical structure. 
2.2.2 Terms and definitions  
Pores are randomly orientated within the solid and may be of any possible shape. For the 
reasons of simplification three types of pore shape are proposed: cylindrical pores, ink-bottle 
shape pores (narrow neck and relatively wide body), and slit-shaped pores (built up with the 
parallel plates) (89). Additionally, pores can be classified according to their connection to the 
atmosphere and to each other. Pores are considered as completely closed, open and “dead” 
end pores (one of the pore’s end is closed). Pores can be also classified by size as follows: 
micro- (0-2 nm), meso- (2-50 nm) and macropores (>50 nm) (International Union of Pure and 
Applied Chemistry (IUPAC) (90)). This classification is based on the results of the gas 
adsorption analysis of the porous structure. The evidence of the presence of three pore 
classes has been also provided by the small-angle X-ray scattering technique (SAXS) (91). 
In some studies additional subdivision of the micropores into submicropores (0-0.8 nm) and 
micropores (0.8-2 nm) was observed (92). In one of the pioneering studies, it has been also 
suggested that pores can be divided into ultramicropores (0.3-3 nm), micropores (3-18 nm), 
and macropores (18nm-10µm) (93).  
Many studies aimed to provide the insight into the coal/char structure evaluating main 
physical structural properties (e.g. (81), (82), (94), (95), (96)). One of the most investigated 
structural property of the porous solid such as coal or char is a specific surface area (SSA). 
SSA is usually expressed as unit area (m2) per coal/char mass (g) (mass base) or per 
coal/char volume (m3) (volume base).  
Densities (true and apparent) are expressed as mass (g) of coal/char per volume (cm3) of 
coal/char. True density (ρtrue) is defined as the ratio of coal/char mass to coal/char volume 
after deduction of pores and voids volume. Apparent density (ρapp) is defined as the 
mentioned ratio including pores and voids volume. Total coal/char porosity (ε, %) as well as 
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Gas adsorption technique 
Physical gas adsorption is a conventional technique to extract the information on char 
specific surface area, average pore size as well as pore size distribution, etc. Different gases 
such as N2, CO2, Ar, Kr, and so on can be used as adsorbates (27), (92), (94), (95), (96), 
(100), (101). The gases are different in their adsorption behavior and can yield essentially 
different results. Adsorption of the gas onto the coal/char pore surface is specified by the 
relation of the amount of the gas on the surface and the pressure of the gas at a constant 
temperature. This relation is expressed by the adsorption isotherm. In fact, each pair of 
adsorbate and adsorbent yields its own unique adsorption isotherm. However, six general 
types of adsorption isotherms can be distinguished (IUPAC (102)) (Fig. 2.5). Each type of 
isotherm is typical for some certain structural properties. This classification is based on the 
knowledge and ideas from 1930-40th proposed by Brunauer (103). Some authors reported on 
the obsolete usage of this classification, and offered a new classification of adsorption 
isotherms (104) (Appendix A.1). Adsorption isotherms sometimes demonstrate a hysteresis 
loop (Type IV and Type V). They are usually associated with the phenomena of a gas 
capillary condensation in mesopores. Hysteresis loops can be also classified identifying the 
shape of the pores (Fig. 2.5). 
  
Fig. 2.5 The IUPAC classification of the adsorption isotherms and hysteresis loops  (102) 
Although N2 at its boiling temperature (77 K) is considered as the most often used adsorbate 
gas among the experimental studies which investigate coals and chars, its application is still 
disputed (105). Several studies reported on the diffusional problem of the N2 molecules 
inside the pores of the small size (94), (106), (107), (108). Especially, this problem arises in 
the case of the narrow microporosity of the coal/char structure (106) and for the char 
samples of lower carbon conversion degrees (94). N2 is not able to penetrate inside these 
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pores and extremely long time is needed for the equilibration at each point of relative 
pressure (106). However, N2 is thought to provide more reliable results for the samples of the 
higher char conversion degrees (95). In general, it is accepted that N2 adsorption may 
underestimate a total specific surface area of chars. 
In order to avoid mentioned above diffusional problem, CO2 at 273 K or 298 K can be used 
as an adsorbate. Due to the higher temperature during adsorption measurements, CO2 
diffuses faster and evaluates microporous coal chars in a more reliable way (100), (101), 
(106). But it has been also mentioned that CO2 is unable to fill larger micropores as well as 
mesopores (95). Thus, CO2 is preferable to be used for microporous chars, which consists of 
submicropores (92). However, sorption of CO2 can also cause a swelling of the investigated 
material, that, in turn, influences the values of the specific surface area (108). 
Argon is less employed for structure evaluation of coal/chars (81), (94). Adsorption behavior 
of argon (at 87 K) along with krypton (at 77 K) is similar to N2 adsorption behavior. But both 
are preferable to N2 in the case of measuring of low surface area, because of their lower 
saturation pressures in comparison to N2 (N2 – 760 torr, Kr – 2.5 torr) (102).  
Total SA: the BET and Langmuir methods 
In order to extract the necessary information on structural properties from the adsorption 
isotherm a suitable method has to be applied. The adsorption isotherm was a subject of 
interpretation by many scientists from the beginning of the twentieth century. Some theories 
are fundamental for the development of the methods (109), (110). The theories consider 
mono- or multilayer gas adsorption, taking into account the polarization of the gas layer and 
binding energies between the several layers. However, pores of different sizes are filled by 
the adsorbate gas differently. Micropores are filled by volume, while larger pores are 
assumed to be filled layer by layer (111). As such, different methods have been developed in 
order to evaluate the pores of various sizes. 
One of the most often used methods to interpret the adsorption isotherm of the coal char and 
derive the value of the total specific surface area (Total SA) is the Brunauer-Emmelet-Teller 
(BET) (112). Generally, the BET method assumes multilayer adsorption of the gas and it can 
be applied to any adsorbent/adsorbate pair, which is described by adsorption isotherm of 
Type II or IV (102). The determination of the specific surface area from the BET method is 
based on the idea that a single adsorbate molecule occupies the certain area (for nitrogen 
molecule it equals 2.1 nm2) and the certain volume to form a monolayer. Despite the 
simplicity and wide applicability of the BET method, it has been extensively criticized by 
many scientists (113), (114), (115), (116). As it has been reported, the BET method always 
either underestimates or overestimates the ‘true’ value of the surface area, especially in the 
case of the microporous solid with the slit-like pores (narrow micropores). 
The BET equation is widely applied for the adsorption isotherms of the various materials 
(catalysts, catalysts supports, etc.), including coal chars. However, adsorption isotherms of 
coal chars were found to be of a slightly another shape than those of the other porous solids. 
Most isotherms of coal chars belong to Type I, which means that the pores in them are 
distinctly narrow (112). Recently published study confirmed that the initial coal char structure 
is of Type I adsorption isotherm; however, partially converted chars revealed the isotherms of 
Type II (117). Similar results were also shown elsewhere observing an obvious 
transformation of the adsorption isotherm from Type I to Type II or IV as gasification reaction 
proceeded (118). However, partially oxidized chars derived from semianthracite have 
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revealed the adsorption isotherms mostly of Type I, corresponding to the microporous 
materials (119).  
Since most of the coal chars yielded with an adsorbate the adsorption isotherm of Type I, the 
application of the BET method is controvertible and other methods should be considered for 
the evaluation. The Langmuir method (120), which is a subcase of the BET, is recommended 
to be used instead in order to interpret the adsorption isotherm of Type I (102), (112), (116). 
The Langmuir method assumes only one monomolecular gas layer adsorbed. 
The BET- and Langmuir methods were used accordingly to derive the values of total specific 
surface areas of the chars in this study. The choice of the method was made based on the 
adsorption isotherm type, corresponding to the coal char sample. Explanation of the choice 
as well as the mathematical description of the methods is shown in the subsequent chapters 
(Subchapter 3.3.1). 
Meso SA: BJH method 
Mesopore surface area (Meso SA) as well as the average pore width and pore size 
distribution can be evaluated by the Barrett-Joyner-Halenda (BJH) method (121). The 
presence of mesopores within a pore structure is indicated by the hysteresis loop. The 
hysteresis loop appears due to the possible capillary condensation of the adsorbate gas 
within the pores of mesoscale. Condensation mostly takes place during the gas desorption. 
As such, the calculations of the mesopore surface area (Meso SA) are made on the 
desorption curve of the adsorption isotherm. The BJH method has been developed for the 
nitrogen adsorption isotherms on different adsorbents. 
Micro SA: t-plot, DR, DA, and HK methods 
There are several methods proposed to evaluate micropore surface area (Micro SA) from the 
adsorption isotherms such as t-plot (122), Dubinin-Radushkevich (DR) (111), Dubinin-
Astakhov (DA), Horvath and Kawazoe (HK), etc. 
Micro SA evaluated via t-plot method is determined by the subtraction of external surface 
area from Total SA. Total surface area should be determined either by BET-method or 
Langmuir method. The t-plot method is restricted to nitrogen as an adsorbate. The method is 
based on the idea of an average thickness (t) of the adsorbed layer, assuming that any 
adsorbate would behave as normal liquid nitrogen. The t-plot method is not widely employed 
among the studies investigating the specifics of the coal char microstructure. 
The Dubinin-Radushkevich (DR) method has been found to be often used for the adsorption 
isotherms of CO2 on the carbonic solids (50), (99), (123), (124), (125), (126).The DR method 
assumes the micropores to be filled with the adsorbate in volume rather than layer-by-layer. 
Furthermore, the DR method considers a porous solid as energetically heterogeneous, while 
the theory of the Langmuir as well as the BET methods is based on the theory of the 
homogeneity of the solid.  
In the case of the strongly heterogeneous carbonic structures, the DR method may fail the 
linearization of the adsorption data required for the proper evaluation. As such, more 
generalized equation of the Dubinin-Astakhov (DA) method is used. It is assumed that the 
DA method can successfully linearize adsorption data over the wide range of relative 
pressures by means of the arbitrary fitting (127). However, this kind of fitted linearization can 
lead to the unreliable results of the structural properties. Other shortcomings of the 
application of the DR and DA methods are summarized and discussed elsewhere (128). 
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However, both methods have been found to provide reliable information of the porous 
structure of microscale. 
Horvath and Kawazoe (HK) introduced a semi-empirical method for the calculation of 
effective pore size distribution from adsorption isotherm on microporous solids (129). The 
method is restricted to the statistical analysis of a fluid confined within the slit-like pore. Slit-
like pore is presented by two carbon layer planes. The main shortcoming of the method is 
that it can underestimate the size of the pore (130). 
DFT-method 
The Density Functional Theory (DFT) is a thermodynamic based molecular statistical theory 
able to provide detailed information on the structure of such microporous solids as coal 
chars. The theory is based on the approach of the equilibrium density profiles of an adsorbed 
fluid within the solid structure. Once the density is known, other thermodynamic properties 
can be calculated. The DFT assumes that the adsorbed fluid is enclosed in a separate pore 
of the known shape (e.g. cylinder, slit). The main advantage of the DFT is that it assesses 
combined micro- and mesopores. Thus, it provides a relatively realistic structure 
interpretation of the porous solid. However, the DFT is not widely used among the 
experimental studies concerning investigations of coal/char structure (81), (82). This theory is 
advised to be applied to the adsorption isotherm of CO2 on the surface of coal/char (130), 
although it has been also applied to the N2 adsorption isotherm (82). The DFT provides the 
information on specific surface area, pore size distribution as well as on the surface energy 
distribution. The latter is rather a new tool to assess the physical structure of the porous 
solids. 
Table 2.3 presents a summary of the discussed-above methods and briefly specifies the 
properties which can be determined by the method. 
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Table 2.3 Specifics of the adsorption isotherms interpretation methods 
Method Isotherm type 
P/P0 
range 
Pore size 
range Properties Remarks 
BET II, IV 0.05-0.35 
Macro+Meso 
(partially 
Micro) 
Total SA 
Employed mostly 
for N2, multilayer 
adsorption 
Langmuir I n.s*. Micro Total SA 
Employed mostly 
for N2, monolayer 
adsorption 
t-plot Any 0.10-0.75 Micro Micro SA, External SA 
Calculated from 
Total SA, 
Employed mostly 
for N2 
BJH 
IV 
(hysteresis 
loop) 
n.s. Meso Meso SA, pore size distribution 
Typically 
calculated based 
on the desorption 
curve 
DR I 10-5-0.01 Micro Micro SA of homogeneous material 
Mostly employed 
for CO2 
DA I 10-5-0.01 Micro Micro SA of strongly heterogeneous material 
Mostly employed 
for CO2, particular 
case of the DR 
method 
HK n.s. 0-0.07 Micro Pore size distribution N2 adsorption 
DFT 
CO2 and 
N2 
adsorption 
isotherm 
Full range Micro+Meso 
Combined Micro+Meso 
SA, pore size 
distribution, surface 
energy distribution 
N2 and CO2 
(preferably CO2) 
* n.s. – not specified 
Mathematical descriptions of the methods which were applied in this study are discussed in 
Chapter 3. 
Mercury (Hg) porosimetry and Helium (He) pycnometry 
Mercury (Hg) porosimetry technique was developed in 1945 (131) and still is a widely 
employed method to characterize porous solids. Apparent density, total volume, porosity, and 
pore size distribution can be derived from Hg porosimetry measurements. This method 
covers a relatively wide range of pore sizes (3 nm up to 300 nm) (102). Since mercury is a 
non-wetting liquid, it volumetrically penetrates into pores by continuously applying pressures. 
Along with the apparent density and porosity distribution, specific surface area can be also 
derived from the mercury porosimetry analysis; however, it is not a standard method. Some 
of the approaches to calculate pore surface area are proposed elsewhere (102), (132). 
Mercury porosimetry technique is generally limited to the evaluation of pores of meso and 
macroscale, while specific surface area is supposed to be presented mostly by micropores. 
He pycnometry is a commonly employed technique for the determination coal/chars’ true 
(‘skeleton’) density. Atom of helium has the smallest diameter after atom of H2 and is able to 
penetrate in the finest pores. Furthermore, helium does not react with the coal/char as well 
as it is not adsorbed on the surface (102). As it has been mentioned elsewhere, true density 
of coal/chars can be significantly affected by mineral matter content, since ash constituents 
usually have high true densities. Generally, true density of coal/char can be corrected on the 
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ash-free basis depending on the ash content (133). However, in the most experimental 
studies devoted to the investigations of coals and chars values of true density are considered 
on the dry basis. 
Other methods 
Physical properties of coals and chars can be also assessed by the uncommon techniques. 
For instance, image analysis techniques such as Scanning Electron Microscopy (SEM), 
Transmission Electron Microscopy (TEM), and scattering base methods such as Small Angle 
X-ray Scattering (SAXS) are also sometimes employed for coal/char physical structure 
investigations (60), (82), (99), (101), (126), (134), (135), (136), (137), (138), (139). SEM 
analysis mostly provides a qualitative overview of the surface morphology and is also 
employed to characterize coal maceral composition by difference in maceral reflectance. 
Particle size as well as swelling phenomena of coal/char during high-temperature conversion 
processes can be also evaluated by SEM. However, SEM analysis has been used to derive 
quantitative parameters such as specific surface area of pores of macro and meso scale 
(134). But the method is time consuming and inaccurate since the choice of a char particle is 
crucial for the results. Nevertheless, the SEM results on char structure have been confirmed 
by N2 adsorption measurements (135).  
SAXS technique is based on the scattering of X-rays by the inhomogeneous porous particle. 
Lower angular range allows for deriving information on the pore sizes of nanoscale. In the 
case of coals and chars X-rays scatter by pores and also by mineral constituents, distributed 
within the structure; however, the impact of mineral impurities on the total surface area can 
be neglected (91). The method of SAXS provides information on the specific surface area of 
coal/char (99). Main advantage of this method is that it affords the information on closed 
porosity, while adsorption technique as well as mercury porosimetry do not. Equations for 
calculations of surface area values from SAXS technique is proposed elsewhere (91), (99). 
Along with SAXS, small angle neutron scattering (SANS) and small angle neutron scattering 
with contrast matching (SANS-CM) have been also used for characterization of coal/char 
pore structure (140), (139), (141). These techniques allow to distinguish between “open” and 
“closed” porosity as well as to distinguish between particle porosity and interparticle voids. 
The results of SANS-CM on two considerably different chars shown in (140) revealed a 
common trend for both chars: closed pores open during the reaction of coal activation. 
Porosity develops via both widening the pores and creation of new small pores. Another 
study has shown a similar trend (141). In coals with low closed porosity pore development 
during gasification happened due to the creation of new pores. However, in coals with higher 
closed porosity char development first happened due to pores opening and their further 
widening. Scattering methods are known as inexpensive and they do not require a long and 
complex sample preparation.  
A combination of the methods and approaches discussed above may provide a 
comprehensive overview on the coal/char physical structure (99), (102), (142). The typical 
values of the structural properties of coals and chars will be presented in the subsequent 
chapter. 
Other structural properties 
Along with the typical properties which represent physical structure of coals and chars, there 
are some other useful properties such as fractal dimension. Fractal dimension is one more 
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tool to microscopically quantify the heterogeneity and irregularity of the complex solid 
structure (143). It can be used to assess such strongly disordered pore structure systems as 
of coal/chars, since classical geometry often fails to describe geometrical shapes of pores. 
Fractal dimensions of a coal/char might represent their sorption capacities (144) and are also 
related to the char structure tortuosity, which is typically used to describe diffusion 
phenomenon in a porous media (145).  
There are several methods to derive the fractal dimensions (D) and geometry of porous 
solids. Some of the methods found in the literature are based on the Hg porosimetry analysis 
(144), (146). Other methods are based on the physical gas adsorption analysis. The latter 
was used in this study since it has been proven to be the most effective to determine fractal 
dimensions (147). Mathematical description of the method is provided in Chapter 3 
(Table 3.6). According to the definition, D is expected to be in a range between 2 and 3 
(143). The value D=2 infers a smooth and flat surface. Higher fractal dimension indicates 
more complex and irregular structure order.  
The approach of fractal dimensions has been already applied among some studies to the 
coals and partially burnt chars to assess the irregularity of their structures (144), (147), (148), 
(149). Fractal dimensions of raw coals have been determined between 2.35 and 2.73 (147), 
while fractal dimensions for partially burnt chars have been found in a range of 2.06 to 2.15 
for smaller pores (20–55 nm) (144). Fractal dimensions of coals burnt at different 
temperatures differ from one another: 2.7 and 2.55 at 1273 K (O2/CO2 atmosphere) and 2.78 
to 2.55 at 1573 K (149).  
2.2.4 Subchapter summary 
Noteworthy, the term of ‘true’ physical structure or ‘true’ specific surface area of coal char 
does not exist; however, it is important to be assessed. As such, the term ‘equivalent’ 
physical structure is proposed to be used considering microporous structure of coal/chars 
(150). The following issues can be mentioned concerning the methods to evaluate coal/char 
physical structure: 
 Physical structure of coals and chars can be typically described by specific surface area, 
density (true and apparent), porosity, pore volume, pore shape, pore size distribution, 
particle size distribution, etc.; 
 Most widely-used techniques to evaluate coal char physical structure are: gas physical 
adsorption (N2 and CO2), Hg porosimetry, and He pycnometry; 
 There are also some rarely used methods to evaluate coal char structural properties such 
as SEM, SAXS, SANS; 
 Specific surface area is usually measured by gas physical adsorption; 
 Most often used adsorbates are N2 and CO2: both adsorbates have their constrains and 
should be carefully applied; 
 Methods used to interpret the adsorption isotherms have to be properly applied, depending 
on the specifics of the investigated structure; 
 Presumably, a combined interpretation of an application of several adsorbates can yield 
reasonable results. This approach has been already successfully tested elsewhere (142). 
The question of a choice of a measurement technique to evaluate pore structure of the char 
is also raised in this thesis. Chars were evaluated by both most widely used gases N2 and 
CO2 and adsorption isotherms were interpreted by different methods.  
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Structural properties (porosity, surface area, true and apparent densities) of raw coals 
reported in different studies have been collected and compared in Table 2.4. 
Table 2.4 Porosities, densities, and surface areas of the raw coals of different ranks 
Sign Coal 
Carbon, 
wt.% 
daf 
Ash, 
wt.% 
db 
Total 
porosity, 
% 
SA 
N2/CO2, 
m2/g 
(BET) 
True 
density, 
g/cm3 
Apparent 
density, 
g/cm3 
Reference 
A Lignite - - 15.04 - 1.33 1.13 (93) 
B Semianthracite 92.8 2.7 7.61 -/195 1.35 1.25 (96) C Semianthracite 4 -/165 1.34 1.29 
D Subbituminous 72.6 13.5 45.8 4.5/220.6 1.65 0.89 
(153) E High-vol. bit.* 78.5 10.9 39.5 2.2/- 1.41 0.85 
F Low-vol. bit.** 90.3 6.9 18.3 1.9/- 1.39 1.14 
G Bituminous 83.1 18.4 15.9 1/44.6 1.54 1.30 
(99) 
H Bituminous 82.5 7.6 3.26 1.1/61.3 1.35 1.30 
I Bituminous 74.5 15 5.01 4.1/101.6 1.30 1.23 
J Lignite 71.4 20.1 15.2 33.6/81.3 1.45 1.23 
K Lignite 69.3 18.7 1.3 7.4/30.7 1.35 1.33 
L Lignite 66.6 18.6 6.9 2.3/67.8 1.40 1.30 
M Lignite 63.4 49.5 7.0 2.6/43.5 1.65 1.53 
N Lignite 63.2 25.8 15.8 2/59.7 1.50 1.26 
O Lignite 62.8 37.5 8.1 6.8/115.4 1.60 1.47 
P Lignite 62.4 31.1 4.0 2.2/18.7 1.40 1.34 
Q Lignite 62 16.2 4.5 1.1/34 1.35 1.29 
R Lignite 61.3 45.3 6.4 4.5/42.6 1.70 1.59 
S High-vol. bit.(Illinois#6) 77.2 10.1 - 16.6/170 1.29 - (154) 
T Subbituminous 86.46 14.9 8 - - - (82) 
U Slovak brown coal  4. 4 4.6 - - (155) 
V Thai-lignite 65 - - -/75.7 - - (156) 
W Bituminous 1 68.95 - 85.2 (macro)! 
2.19 
(n.s.)§ - - 
(157) X Bituminous 2 68.88 - 78.3 (macro) 
1.47 
(n.s.) - - 
Y Bituminous 3 67.03 - 71.7 (macro) 
0.52 
(n.s.) - - 
Z High-vol. bit.(Poland) 62.7 15.2 - 4.8/- - - 
(135) 
1 
M-vol. 
bit.***(S. 
Africa) 
69.6 15.8 - 4.8/- - - 
2 High-vol. bit.(Canada) 63 27.5 - 6.7/- - - 
3 M-vol. bit. (Germany) 70.6 3.5 - 2.1/- - - 
4 
Subbituminous 
coal 
(SIERSZA) 
69.7 19.8 13.34 - 1.42 - (36) 
*High-volatile bituminous 
**Low-volatile bituminous 
***Medium-volatile bituminous 
§Not specified which method has been used 
! Porosity of macropores 
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True and apparent densities were determined via He pycnometry and Hg porosimetry, 
respectively. The first column ‘Sing’ of Table 2.4 provides the designations of the coals, 
which will be shown below in this subchapter. 
The contents of carbon and ash are also provided in Table 2.4 in an attempt to check the 
correlation between the carbon content and structural properties. However, there was no 
obvious correlation noticed between coal porosity and carbon content among the collected 
data. This suggests that coal porosity can be not only a function of coal carbon content, but 
also a function of maceral composition, ash content and composition, and so on. 
Nevertheless, the following general trends can be observed from the collected data. Porosity 
of raw coals of different ranks was found in a range of 1 to 50 %. Remarkably, significant 
scattering in porosity has been noticed among coals of lignite rank (from 1 to 15 %). This 
finding confirms a complex nature and poor structural order of the coals of the lower rank. 
Since there is no unanimous method to derive the values of surface areas from gas physical 
adsorption analysis, two most often used adsorbates have been taken into account – N2 and 
CO2. First general observation is that surface areas determined by CO2 adsorption are 
typically larger than those via N2 (99), (101). This finding is consistent with the previous 
discussion on different adsorption behavior of two adsorbates. Large difference between N2 
and CO2 surface areas can indicate a large surface area concentrated in micropores (153). 
However, both N2-SA as well as CO2-SA of a raw coal are relatively low in a range of 1 to 
30 m2/g for N2 and from 18 to 170 m2/g for CO2, except some larger SA (195-200 m2/g) for 
CO2 adsorption on the higher rank coals. As it was shown elsewhere, there has been no 
obvious correlation found between the rank of the coal and its microstructure assessed by 
both N2 and CO2 adsorption (158). 
Overall, values of true density are always larger than those of apparent density. True density 
values were found in a range of 1.2 to 1.7 g/cm3 for coals of different ranks, while apparent 
densities – in a range of 0.8 to 1.6 g/cm3. Apparent density is related to the pores and voids 
within the coal particle: larger pores lead to the lower apparent density. When values of both 
densities are close to each other, porosity is relatively low. True density is related to the ash 
content of the sample. The analysis of the collected data revealed that higher ash content 
leads to the higher values of true density (Fig. 2.7). 
  
 CHAPTER 2 Literature Review 
 
 
25 
 
 
Fig. 2.7 True density of raw coals of different ranks as a function of ash content 
Due to coal high-temperature heat treatment (gasification/combustion), its physical structure 
significantly and unsystematically changes. First tremendous change in structure happens 
during the pyrolysis step. Formation of the char structure during coal devolatilization has 
been recently reviewed (35). Next section presents the comparison of structure of a raw coal 
and a corresponding pyrolyzed char. 
2.3.3 Char physical structure after pyrolysis 
This subsection summarizes the effects of devolatilization conditions on the physical 
structure of the corresponding char. Coal structure drastically changes during pyrolysis under 
different conditions (28), (159), (160). Heating rate has a strong effect on the macropore 
structure of the char. Chars produced at higher heating rates are more porous with more 
open structures. Particle size does not significantly influence macroporosity of the char. 
Several studies have been investigated the influence of pyrolysis pressure on the structure of 
the char (30), (161). Although there has been no clear influence of pressure observed on the 
char structure (161), it has been found that macroporosity of the chars prepared under 
pressurized pyrolysis is 20-25 % higher than those prepared under atmospheric pressure 
(30). Generally, chars of three types of porous structures have been obtained after 
pressurized pyrolysis of the samples of bituminous coal: highly porous (more than 50 % of all 
chars), medium porous and dense particles (27). In order to demonstrate the difference 
between the porosities and specific surface areas of raw coals and corresponding chars, 
diagrams are shown below (Fig. 2.8 and Fig. 2.9). The designations of the coals and chars 
(axis x) correspond to the designations shown in Table 2.4. 
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Fig. 2.8 Porosities of raw coals and corresponding chars (36), (93), (96) (Hg porosimetry) 
 
Fig. 2.9 Specific surface areas of raw coals and corresponding chars  (155), (157) 
(N2 adsorption, BET) 
Porosities and specific surface areas of raw coals are sometimes significantly lower than 
those for the corresponding devolatilized chars. In average, porosity of a raw coal is lower 
than porosity of the corresponding char by a factor of 2. However, there were some special 
cases observed when porosity of a parent coal was 14 times lower than the one of the 
corresponding char. Porosities of the devolatilized chars were detected in a range of 4 to 
55 % for the chars prepared from the coals of different ranks. Furthermore, high scattering in 
values of porosity was found among the chars prepared from coals of the same rank 
(Appendix A.2). 
Similarly to the porosities, the values of specific surface areas of raw coals are lower than 
those of the corresponding chars by a range of factors from 1.5 to 20. Collection of more data 
on the structural properties of the pyrolyzed chars is attached in Appendix A.3 of this thesis.  
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Fig. 2.11 Changes of total surface area (CO2 adsorption, BET) of different chars during their 
gasification under certain conditions (38), (81), (164) 
As it can be seen from Fig. 2.10 – Fig. 2.11, development of specific surface areas during 
char combustion and gasification do not follow any clear pattern. This development depends 
on several parameters such as operating conditions (temperature and pressure (absolute 
and partial)), type of gasifying/oxidizing agent, char inherent properties (e.g. parent coal 
rank). Temperatures at which gasification or combustion experiments were performed as well 
as a type of reagent are mentioned in Fig. 2.10 – 2.11. 
Higher temperatures shift the reaction from Regime I to Regime II conditions. Regime II 
conditions limit the opening of the existing microporosity of a char and the reaction takes 
place within the macropores (94), (95), (135). 
Some authors have investigated the possible effect of the gasifying agent on the structural 
changes of the various chars (24), (81), (165). As it has been found out, the changes of 
surface area greatly vary depending on the reactant gas used. Reaction with H2O revealed 
the largest increase of char surface area for brown coal. Gasification reaction with O2 and 
CO2 resulted in smaller initial increase of the surface area (24). 
Changes of specific surface area are influenced by not only a type of gasifying/oxidizing 
agent but also by rank of a parent coal. Specific surface area (CO2 adsorption, DR method) 
of a char prepared from a lignite coal did not significantly change as a gasification reaction 
proceeded, while surface area of bituminous char gradually increased (70). 
Link between char physical structure and its reactivity 
Many studies intended to correlate char structural changes, namely char surface area 
changes, to the char gasification/combustion reaction rates (24), (47), (70), (81), (83), (92), 
(166), (167), (168), (169), (170), (171), (172), (173), (124), (174), (175). 
Noteworthy, the correlation between the reaction rate and char specific surface area is not 
straightforward. The largest initial char specific surface area would not guarantee the highest 
reaction rate (176). For instance, a bituminous char with a larger surface area was found less 
reactive than an anthracite char with a smaller surface area (177). However, it has been 
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observed that the largest surface area of a biomass char eventuated in a fastest reaction with 
CO2 (178), (179). 
Conventionally, in order to investigate the correlation between the char structural changes 
during gasification/combustion and its reactivity, reaction rate measured under Regime I 
conditions is normalized to the char specific surface area (70), (81), (83). Thus, normalized 
reaction rate is free of the effect of the surface area changes and can reflect the effect of the 
inherent properties of the char (70). Normalized reaction rate is assumed to remain constant 
during the char conversion, while all the variations are accommodated within the specific 
surface area. If this is the case, then specific surface area is assumed to be well correlated to 
the reaction rate. Normalized (intrinsic) reaction rate allows comparing gasification reactivity 
of chars derived from different coals per unit surface area (24), (66), (70). Interestingly, 
normalized reaction rates of coals of different ranks less differ from one another than their 
overall reaction rates (70).  
Since specific surface area can be measured by different methods, it is important to 
understand to which surface area the reaction rate has to be normalized. Numerous studies 
reported on successful correlation between the reaction rate and the active surface area 
(ASA) (166), (180), (181). However, the term of the ASA as a concentration of active centers 
where the reaction takes place is a matter of controversy. The ASA is typically measured by 
oxygen chemisorption at low temperatures, which is a complex process with some sufficient 
limitations (182). These limitations are related to the coal/char inherent properties such as its 
structure order and mineral matter content (183), (184). Therefore, the ASA cannot be 
considered as independent and well reproducible parameter, since there is no standard 
method to determine it.  
Many studies aimed to correlate the reaction rate to the specific surface areas derived from 
the conventional physical adsorption techniques. A reasonable correlation has been yielded 
between the reaction rate and the total surface area (Total SA) for biomass chars (178). 
Nevertheless, several studies revealed unlike direct correlation between the gasification rate 
and char specific surface area determined by the BET method (72), (83), (167). Furthermore, 
it has been reported that only specific surface area represented by pores of certain size can 
participate in the reaction (72). This suggestion has been confirmed by normalization of 
gasification reaction rate to the specific surface areas of different pore sizes (81), (83).  
The gasification reaction rate of three bituminous coals was found to be controlled by the 
surface area of micropores (under chemically controlled kinetic regime) (171). Opposite 
results have been presented on subbituminous char gasification: the reaction took place 
outside the micropores (172). Same observation was reported elsewhere (94) on the 
questionable application of micropore SA (as determined by the DR method) as a 
normalization parameter. The gasification reaction rate of petcoke was found to be well 
controlled by the CO2 surface area at lower conversion degrees (174). Gasification rate 
normalized to the micropore surface area was found to remain constant at later conversion 
degrees for a row of coal chars (171), (175). 
The extent of contribution of the specific surface area of certain pore size depends on several 
factors, e.g. a temperature, a type of gasifying/oxidizing agent, etc. As it was discussed 
above, specific surface area changes differently during gasification with CO2 and air (81). 
The total specific surface area was not a successful normalization parameter in the case of 
conversion with air (81).  
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Char particle size changes during conversion 
Particle size and its change during char high-temperature conversion is also an important 
parameter which has to be considered while developing numerical and mathematical models 
(21). Several recent studies have investigated particle size distribution during char 
gasification/combustion. Two bituminous coals have demonstrated a constant particle size 
during gasification with steam up to 50 % of the char conversion (38). Similar results have 
been reported for the brown coal char gasification with CO2. Particle size remained constant 
up to 50-60 % of char conversion (118). However, a subbituminous coal particle size was 
continuously decreasing as combustion proceeded, while low-volatile bituminous coal particle 
even increased in size up to 60 % of conversion (153). 
2.3.5 Char physical structure and TT-history 
Char physical structure (pore structure and morphology) changes during char high-
temperature conversion processes can be caused not only by carbon conversion, but also by 
long-term heat treatment of the char, so called char time-temperature history (TT-history). 
TT-history is defined by heating rate, maximum temperature, and duration of heat treatment 
(residence time). Combined effect of these parameters can significantly influence coal/char 
structure from the point of view of structural order and, as a result, its reactivity. As a reason 
for this phenomenon can be a deactivation of the mineral matter constituents and/or low 
accessibility of the gas to the active centers due to structure reordering.  
As it has been widely observed, long-term thermal treatment causes char structure 
reordering and deactivation (185), (186), (187), (188), (189), (190), (191), (192). Some of the 
studies addressed a problem of coal/char thermal deactivation with respect to the char 
combustion/gasification kinetics (190), (191), (193). Other studies considered the effect of 
TT-history on the char pore microstructure (185), (188), (189), (194). Noteworthy, even short-
time heat treatment (several seconds) of the chars derived from coals and biomass causes 
the decrease of chars’ intrinsic reactivity by as much as 5 orders of magnitude between 700 
and 2400 °C. Chars with higher inherent reactivity are deactivated to a greater extent than 
the chars with lower reactivity (186). Heat treatment at high temperatures (1100 – 1500 °C) 
leads to the char deactivation by increasing the degree of char crystallinity and reducing 
porosity (185). Micropore volume of the coal char decreases and true density increases as 
temperature increases from 900 to 1200 °C (30 min of residence time) (188). An increase of 
the temperature causes a drop in surface area (as determined by N2 adsorption) as well as a 
loss of active sites (192). The previously published results confirmed that the long-term 
thermal treatment affects both combustion/gasification reaction rate and chars primary 
fragmentation (185). 
Indeed, it is difficult to distinguish between structural changes caused by high temperature 
treatment and by the reaction itself. However, it is important to consider the effect of TT-
history on char structure and reactivity while studying gasification/combustion kinetics. 
2.3.6 Subchapter summary 
Raw coal physical structure to a certain extent is affected by its rank; however, a wide 
scattering of structural properties is noticed even among the samples of the same rank. 
There are some general conclusions which can be drawn:  
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 Surface area of a raw coal is relatively low (1-30 m2/g for N2 adsorption, and 18-170 m2/g 
for CO2); 
 CO2 surface area is a larger value than the corresponding N2 surface area; 
 Char physical structure after pyrolysis differs from that of a parent coal; 
 Both surface area and porosity increase after coal devolatilization;  
Specific surface area changes during char conversion depend on both coal rank and 
operational conditions: 
 Different patterns of surface area changes are observed during reactions with different 
gases; 
 Surface area changes at Regime I conditions differ from these under Regime II; 
 Coal char structure changes can be not only due to the conversion, but also due to the 
long-term heat treatment of the char. 
Specific surface area changes have been correlated to the char conversion rate in order to 
investigate an intrinsic reaction rate. 
 Reaction rate is assumed to be proportional to the amount of active sites distributed within 
the char pore structure under Regime I conditions; 
 Specific surface area of certain pore sizes might be proportional to the amount of active 
site; 
 Reasonable correlation has been revealed between the active surface area (ASA) and char 
conversion rate, but there is no standard method existed to evaluate the ASA; 
 According to the results of the most of the studies, the Total SA (as determined by the BET 
method) has not satisfactorily correlated to the conversion rate. 
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gasification. Samples of Char 1 were also subjected to the time-temperature (TT) 
experiments in an effort to investigate the influence of the long-lasting heat treatment on the 
char microstructural changes. As a result of this study, char physical structure changes were 
linked to the gasification kinetics, introducing normalized (surface-related) reaction rate. 
Three different kinetic evaluation approaches were compared to each other. 
Methods of determination of fluidization gasification conditions and specifics of the equipment 
used are discussed in this chapter as well as the mathematical approaches for the evaluation 
of the gasification kinetics. All the mathematical expressions and tools used for the char 
structure assessment are shown. Related DIN (Deutsche Industrienorm) standards for the 
measurements are listed in Appendix B.1; Table B.1.1 The list of the used equipment is 
presented in Appendix B.1; Table B.1.2. 
3.1 Parent coals and char preparation 
Two German brown coals (Lusatian and Rhenish) have been chosen for the investigation in 
this study. Standard proximate and ultimate analyses as well as the ash composition 
analyses of the bulk representative samples of two coals are shown in Table 3.1. For the 
further simplification Coal 1 stands for Lusatian brown coal and Coal 2 – for Rhenish brown 
coal. Coals are similar in their properties, although ash content and composition are slightly 
different. Two brown coals were chosen in order to reveal common trends in gasification 
behavior of brown coals and their physical structure development during gasification. 
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Table 3.1 Ultimate, proximate, and ash composition analyses of coals 
Ultimate analysis, (wt. %) dry base 
 Lusatian brown coal (Coal 1) Rhenish brown coal (Coal 2) 
C 63.32 66.36 
H 4.21 4.33 
N 0.75 0.84 
O 24.51 17.15 
Proximate analysis, (wt. %) dry base 
 Lusatian brown coal (Coal 1) Rhenish brown coal (Coal 2) 
Ash 7.01 4.21 
Volatile Matter 52.43 49.57 
Fixed Carbon 40.56 46.22 
Sum Σ 100 100 
Ash composition analysis, (wt. %) 
 Lusatian brown coal (Coal 1) Rhenish brown coal (Coal 2) 
Na2O 0.11 6.48 
MgO 5.75 16.43 
Al2O3 4.58 3.70 
SiO2 24.36 9.83 
P2O5 0.03 - 
SO3 20.31 14.68 
Cl 0.03 0.10 
K2O 0.55 1.03 
CaO 23.82 37.12 
TiO2 0.23 0.26 
Mn 0.17 0.06 
Fe2O3 19.85 9.80 
Sr 0.14 0.20 
BaO 0.07 0.29 
V - 0.002 
Co - 0.003 
Cu - 0.009 
Zn - 0.005 
Sum Σ 100 100 
Alkali (basicity) index (AB) 0.17 0.21 
Although Coal 1 contains more ash than Coal 2, alkali index for Coal 2 was found to be 
slightly higher than the one for Coal 1, probably due to the higher content of Na and Ca. 
Alkali index (AB) was calculated according to Eq. 2.4.  
First, raw coals were pre-dried and then grinded. Then they were again dried and sized to 
200 µm – 1 mm. Grinding as well as the next following sieving was performed in order to 
increase the amount of the target size fraction of the char after pyrolysis.  
Prepared samples of both coals have been subjected to pyrolysis in a rotary kiln via two-step 
heat treatment. The first step was performed at 600 °C and 60 min of residence time in N2 
atmosphere, and the second step - at 800 °C and 60 min, respectively. Pyrolysis conditions 
were chosen in such a manner as to minimize volatile matter content in a devolatilized char 
based on the technological capacity of the rotary kiln (proximate and ultimate analyses of the 
chars as well as their ash composition analyses are shown in Table 4.1, Chapter 4).  
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Chars were collected after pyrolysis and sieved into several fractions. Major part of the char 
sample was represented by the size fraction of 200-315 µm. This fraction was chosen as a 
target one for the further gasification experiments. Another size fraction of 315-500 µm 
(Char 1) was chosen to investigate the influence of the particle size on the gasification rate. 
Representative samples were prepared from the chars of two fractions and subjected to 
gasification in a laboratory scale fluidized bed reactor which is described below. 
3.2 Gasification experiments in a fluidized bed reactor 
In the practical implementation of the coal gasification process, fluidized bed technology has 
some particular advantages (4), (5), (195). Fluidized bed gasifiers provide excellent 
conditions for good mixing between solid and gas which may ensure good heat-mass 
transfer. Moreover, good mixing of coal char particles guarantees stable uniform temperature 
distribution throughout the reaction zone. Fluidized bed gasifiers are typically operated at 
lower temperatures (800 – 1000 °C) in order to prevent ash softening and, as a result, to 
prevent particle agglomeration which may influence the fluidization. As such, fluidized bed is 
well suited for the coals with high ash content and for low-rank highly reactive coals. 
Nevertheless, fluidized bed reactors were rarely used in coal gasification/combustion kinetic 
studies (68), (82), (196). Fluidization conditions may influence the kinetics of the gasification 
reaction due to the complex hydrodynamic pattern of the fluidized bed, which is important for 
considering the physical interaction between char and gas (107), (180). Furthermore, coal 
particle size has to meet strict requirements: particles are not allowed to be too big as well as 
too small. Small particles are entrained from the reaction zone, while big particles are not 
properly fluidized (4). Fluidization conditions have to be carefully chosen according to the 
specifics of the feedstock. 
3.2.1 Prediction of a minimum fluidization velocity 
Particles of coal/char differ in shape and size even within the same fraction which makes it 
difficult to choose proper conditions for fluidization. One of the key parameters for fluidized 
bed systems is a minimum fluidization velocity of the gas at which all the particles of the bed 
are floating. There are several methods proposed to estimate a minimum fluidization velocity 
of the gas depending on the properties of the feedstock. Ergun equation was used in this 
study for calculation of minimum fluidization velocity (U) (Eq. 3.1). The equation considers a 
pressure-drop (∆p) of the gas flowing through the bed of particles (4):  
∆p =
150(1−εbd)
2L
εbd
3
μgU
(φdp)2
+
1.75(1−εbd)L
εbd
3  
ρgU
2
φdp
      (Eq. 3.1) 
The minimum fluidization velocity (U) was calculated using the known properties of the char 
particles such as particles bulk density (εbd), particle sphericity (φ) as well as a particle 
diameter (dp). Operational conditions such as reactor temperature and pressure as well as 
the inner diameter and length (L) of the reaction zone were also considered for calculations. 
Kinematic viscosity (μg) and density (ρg) of the gas at the reaction temperature were also 
required for calculations.  
The velocity of the gas flow increases to a certain level when it is high enough to carry 
particles away out of the reaction zone. In order to control the entrapping of the particles a 
term of a fluidization number (FN) is introduced, which represents the ratio of the current 
velocity of the gas flow and the minimum fluidization velocity. The FN has to be chosen in a 
way to fluidize all the particles but prevent their entrapping out of the reactor. Conventionally, 
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gaseous fluidized beds are operated at the gas flow rates from five to twenty times larger as 
that is required for minimum fluidization velocity (197).  
In this study, the FN was set to eight for all performed experiments. The calculated gas flows 
for each studied gasification temperatures for both chars are summarized below in this 
chapter in Table 3.2 and 3.3. 
3.2.2 Experimental set-up 
The experimental set-up was designed to investigate the reactivity of two brown coal chars 
towards CO2 under fluidization conditions which were estimated as discussed above. The 
reaction considered in this study is a Boudouard reaction (Eq. 3.2). The scheme of the 
experimental set-up is provided in Fig 3.2. 
C + CO2 ⇆ 2CO ∆RH0=+172.5 kJ/mol Eq. 3.2 
 
 
Fig. 3.2 Schematic diagram of experimental set-up 
10 g of the char sample is placed inside a quartz glass reactor via a separate feeding inlet, 
located at the upper part of the reactor. Quartz glass reactor is comprised of the reaction 
zone (zone A) with a quartz glass grid (100-160 µm of nominal pore diameter) inside, where 
gasification reaction occurs under fluidization conditions. Heating rates, temperatures, gas 
flow velocities can be carefully adjusted to control the gasification run. The inner diameter of 
the reaction zone is 38 mm. The reaction zone A lengthens into the zone B, which is of a 
bigger diameter of 60 mm, in order to minimize the entrapping of the particles out of the 
reaction zone A. However, around 10 % of the particles is still lost during the gasification due 
to entrapping (based on the preliminary fluidization tests). 
The reactor with the sample inside is heated by electrical elements surrounded by insulation. 
Heating up to the required temperature takes place under the nitrogen flow. The flow rates of 
N2 (purity 99.99%) and CO2 (purity 99.95 %) are controlled by two separate mass flow 
controllers (Brooks Instrument). As soon as the required temperature is reached, the sample 
is kept under a nitrogen atmosphere for 20 min in order to stabilize the isothermal conditions 
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uniformly within the sample. The temperature in the bed was measured by means of a K-type 
thermocouple which is located directly in the sample bed. Then, the gas flow was switched 
into a CO2/N2 mixture to launch the gasification reaction. As the reaction proceeds, gas 
composition was analyzed in a four minute interval via micro-gas chromatograph Inficon-
3000 Micro-GC at the outlet of the reactor. For complete carbon conversion, the 
measurements were carried out until no more CO peaks were detected. 
For all subsequent partial gasification experiments, the conditions were chosen based on the 
complete gasification results. After gasifying for a certain time, the char was cooled down to a 
room temperature under nitrogen atmosphere, taken out of the reactor, weighted and 
analyzed for the structural properties.  
Apart of the gasification experiments (complete and partial), Char 1 was subjected to the 
time-temperature history (TT-history) tests under inert atmosphere. The main purpose of the 
TT-history was to check the influence of long-lasting heat treatment on the char 
microstructure, in order to understand the mechanism of the char structure changes during 
gasification reaction in more detail. The exact description of TT-experiments will be 
discussed within the following subchapters. 
3.2.3 Experimental matrix 
Complete gasification experiments 
Before the experimental conditions are presented in detail, it is important to discuss some 
limitations of the fluidized bed reactor and their influence on the kinetics. Due to one of the 
important focuses of this study, the amount of the partially gasified chars has to be sufficient 
enough to perform all the structure characterization analyses. As such, the amount of the 
initial sample was set to 10 g, in order to have enough material for the structure 
investigations even after the conversion of the substantial part of the sample. Such relatively 
large amount of the sample would require a large quantity of gas to pass through, in order to 
ensure stable partial pressures of CO2 within a bed. This limitation was challenging to be 
completely avoided due to the specifics of the experimental set-up design.  
Nevertheless, the actual experimental gas flow velocity was eight times larger than the 
minimum fluidization velocity (FN=8). Furthermore, N2/CO2 inlet mixtures were adjusted to 
eventuate in the same (or similar) average outlet CO2 (and CO to the extent possible) 
concentrations for each char at every studied temperature. This could ensure comparable 
conditions within the reaction zone at all studied temperatures. Several preliminary 
experiments were performed in an effort to find the inlet gas mixture ratio required for 
achieving the same average outlet CO2 concentration at each temperature. Noteworthy, both 
chars were gasified under similar fluidization conditions calculated according to the specifics 
of the char. More gas flow velocity is needed for fluidization of Char 2 because of the larger 
average particle size in comparison to Char 1 (Table 4.16, Chapter 4).  
The first experiments for both chars were carried out at the maximum studied temperature – 
950 °C and in 100 % of CO2 (inlet concentration), at which the fastest char conversion is 
observed. The mixtures of inlet N2/CO2 at lower temperatures were adjusted to keep the 
same outlet CO2 concentration. Theoretically, the outlet concentrations in the case of the 
gasification of both chars are supposed to be the same. However, it was experimentally and 
technically challenging to achieve. Therefore, the outlet CO2 concentrations in case of Char 1 
and Char 2 are 10 and 25 vol.%, respectively.  
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The experimental conditions of the gasification of Char 1 and Char 2 are summarized in 
Tables 3.2 and 3.3. 
Table 3.2 Operational conditions of the complete gasification experiments of Char 1 
Gasification conditions 
Temperature, °C 800 850 900 950 
Initial amount of char, g 10 10 10 10 
Particle size fraction, µm 200-315 
200-315 
315-500 
200-315 
 
200-315 
315-500 
Fluidization number 8 8 8 8 
Gas flow velocity, ml/min 
(STP) 
1614 1513 1430 1333 
N2/CO2 (inlet) ratio, % 87/13 82/18 66/34 0/100 
Average (outlet) CO2 
concentration, % 
10 10 10 10 
Table 3.3 Operational conditions of the complete gasification experiments of Char 2 
Gasification conditions 
Temperature, °C 800 850 900 950 
Initial amount of char, g 10 10 10 10 
Particle size fraction, µm 200-315 200-315 200-315 200-315 
Fluidization number 8 8 8 8 
Gas flow velocity, 
ml/min (STP) 
2020 1840 1740 1620 
N2/CO2 (inlet) ratio, % 50/50 33/67 8/92 0/100 
Average (outlet) CO2 
concentration, % 
25 25 25 25 
In order to check the influence of the particle size on the gasification kinetics Char 1 fraction 
315–500 µm was gasified at two temperatures – 850 and 950 °C (Appendix B.2). 
Partial gasification experiments 
Chars were also partially gasified up to several conversion degrees (X) at each studied 
temperatures under the same conditions as for complete gasification by discontinuing the 
reaction after certain period of time. Conversion degrees were determined based on the gas 
chromatography analysis as described below (3.2.4 Kinetic evaluation) and also by mass 
change. Table 3.4 demonstrates conversion degrees (X) of the partially gasified Char 1 and 
Char 2 which were investigated in this study. 
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Table 3.4 Conversion degrees of the partially gasified samples of Char 1 and Char 2 
Temperature, °C 
Char 1 Char 2 
Time, min Conversion X, % Time, min Conversion X, % 
800 
16 11 8 9 
28 19 11 13 
48 31 22 25 
80 49 32 35 
158 82 48 51 
- - 77 76 
850 
16 13 4 8 
24 20 8 17 
36 30 16 33 
92 67 20 40 
160 92 24 48 
- - 36 67 
- - 43 77 
900 
12 13 4 4 
16 18 8 11 
28 31 16 30 
44 48 24 50 
76 78 32 66 
950 
8 7 8 35 
12 13 10 43 
24 32 15 63 
36 51 20 80 
44 63 - - 
Conversion degrees were randomly chosen in order to cover earlier and later stages of char 
conversion. It was also important to have enough amount of sample after partial gasification 
to investigate the structural properties. 
Time-Temperature (TT) history experiments 
Since physical structure of the char is one of the main topics of this study, time-temperature 
history experiments were considered with respect to the char structure. These experiments 
were performed in the same experimental set-up under inert (N2) conditions. The same 
amount of the sample as used for gasification experiments (10 g) was heated up to the 
gasification temperatures (800, 850, 900, and 950 °C) in N2 flow, which is similar to the gas 
flows for gasification reaction (Table 3.2 and 3.3), kept at the final temperatures for 20 min to 
stabilize the isothermal conditions and then subjected to the heat treatment according to the 
conditions shown in Table 3.5. The effect of temperature and residence time on the 
microstructure of the samples of Char 1 was studied. 
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Table 3.5 Operational conditions for TT-history experiments 
Sample # experiment Temperature, °C Residence time, min 
Char 1 
1 
800 
30 
2 60 
3 120 
4 
850 
30 
5 60 
6 120 
7 
900 
30 
8 60 
9 120 
10 
950 
30 
11 60 
12 120 
Samples after each experiment were retrieved from the reactor and their structural properties 
were analyzed. The chosen residence times are comparable with the times required for the 
gasification reaction. This set of the experiments is useful for identifying char structural 
changes happening solely due to the heat treatment. 
3.2.4 Kinetic evaluation approaches 
The results of the complete gasification experiments were used to evaluate the gasification 
reaction rate of two chars. Carbon conversion degree (X) was calculated based on the gas 
chromatography analysis as follows (Eq. 3.3 and Eq. 3.4): 
X =
nCO(t)
nCO(tot)
,          (Eq. 3.3) 
where X, (-) – carbon conversion; nCO(t), (mol) – moles of CO formed from the beginning of 
the reaction till the current moment of time t; nCO(tot), (mol) – total amount of moles of CO 
produced during the entire char conversion. 
In turn, moles of CO formed from the beginning of the reaction till the current moment of time 
can be calculated: 
nCO(t) = ∫ CO ∙ Q dt
t
0
,         (Eq. 3.4) 
where CO, (mol/min) – production rate of CO; Q, (mol/min) – total flow of the fluidizing gas.  
The calculations were performed under the assumption that flow of N2 remained constant 
during char conversion. Additionally, calculations of carbon conversion were cross-checked 
via the CO2 balance, revealing a relative root mean square error between the calculations via 
CO and CO2 less than 1 % (Appendix B.3). 
The definition of the overall gasification reaction rate was provided in Chapter 2 of this work 
and is expressed by the nth order reaction rate approach (Eq. 3.5): 
Rov =
dX
dt
= r (T, Cg)𝑓(X),        (Eq. 3.5) 
where dX
dt
, (1/min) – an overall reaction rate; r (T, Cg), (m/min) – the intrinsic surface reaction 
rate as a function of temperature and partial pressure of the gasifying agent; 𝑓(X) – function, 
which describes the change in char surface area during the reaction. 
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Three approaches were employed in this study in order to evaluate gasification kinetics of 
two chars: instantaneous reaction rate approach, kinetic models, and normalized reaction 
rate approach. 
Instantaneous reaction rate 
Instantaneous, namely mass-related reaction rate, used for the kinetic evaluation in this 
study, has units of g of char converted per g of the rest of the char per min (g/g min)  and can 
be expressed as follows (Eq. 3.6): 
Rinst =
1
mrest
∙
dm
dt
         (Eq. 3.6) 
In this study it was calculated based on the overall reaction as it is shown in the equation 
below (Eq. 3.7):  
Rinst(X) =
1
1−X
(
dX
dt
)         (Eq. 3.7) 
The approach of the instantaneous reaction rate was used to evaluate the gasification 
kinetics by defining the rate constants at the specific conversion degree for both chars at 
each studied temperature. Many authors used different conversion degrees in order to 
demonstrate the representative reaction rate of the char during gasification. Several authors 
used the reaction rate at the conversion degree of 50 % as the representative one (198), 
(199). Moreover, many authors employed a reactivity index (Rx) (200), which is also related 
to the reaction rate at X=50 % (201), (167).  
In this study the instantaneous reaction rate at the conversion degree of 50 % was chosen 
for the kinetic evaluation. This choice can be also justified by following. At the early stages of 
conversion (X=0…30 %), the reaction can be influenced by the initial structural changes, e.g. 
caused by the yield of the rests of the volatile matter. Moreover, in order to launch the 
reaction, N2 atmosphere is switched to the CO2/N2 atmosphere. This switch may also affect 
the reaction rate at the early stages of char conversion. At the later stages (X=70…99 %), 
reaction rate can be affected by some other phenomena as more pronounced catalytic 
activity of the ash constituents and/or particle fracture. As such, X=50 % was used as a 
representative one to evaluate the reaction kinetics. 
Normalized reaction rate 
As an alternative method to evaluate gasification kinetics, surface-related approach was 
proposed in this study, by introducing the normalized reaction rate (Eq. 3.8): 
Rnorm(X) =
Rinst(X)
S(X)
 ,         (Eq. 3.8) 
where Rnorm is the normalized reaction rate (g/min m
2), S(X) – specific surface area at the 
certain conversion degree. 
Instantaneous reaction rates of Char 1 and Char 2 were correlated to the different measured 
surface areas (Micro, Meso, Total SA). The surface area which reveals the most reasonable 
correlation with the reaction rate and which was expected to govern the reaction was 
employed to develop surface-related kinetic evaluation approach. 
Kinetic models 
Three kinetic models were applied to describe gasification kinetics in this study (the RPM, the 
VM, the SCM). The integrated forms of models’ equations were shown earlier (Table 2.2, 
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Chapter 2). Special attention was paid to the structural parameter 𝜓 which is a parameter of 
the RPM equation. As it has been mentioned before, this parameter can be derived by 
means of different methods. One of the methods is to calculate 𝜓 from the initial structural 
properties. However, the calculation can be challenging due to the ambiguous determination 
of structural properties. Few studies aimed to calculate 𝜓 from the initial char structural 
properties according to Eq. 3.9 (81) .  
𝜓0,calc. = 4πL0 (1 − ε0)/𝜌appS0
2,       (Eq. 3.9) 
where L0 is the total pore length expressed in m/g; 𝜀0 is the initial total porosity; 𝜌app is the 
apparent density, g/m3; S0 is the initial pore surface area expressed in m2/g; 𝜓 – 
dimensionless. 
Porosity, density and surface area can be directly measured, while total length of the pores is 
a bottle-neck of this method and is required to be calculated (estimated). Noteworthy, there is 
no standard method provided to calculate (estimate) the length of the pores. There is a self-
developed approach proposed in this thesis. Two main assumptions were considered for the 
pore length estimation: 
1. All the pores are of cylindrical shape of an average radius, r0 (m) and  
2. All the pores can be represented by one long cylinder of a radius r0 and a length, 
L0. 
Therefore, for the estimation of the total pore length, total pore volume (V0, m3/g) has been 
considered as (Eq. 3.10): 
V0 = πr0
2L0          (Eq. 3.10) 
Total pore volume V0 was calculated from the measured values of true and apparent 
densities (Eq. 3.11).  
V0 =
1
ρapp
−
1
ρtrue
          (Eq. 3.11) 
The radius can be derived from the ratio of total pore volume of a cylinder and total surface 
area of a cylinder obtained from the N2 adsorption analysis (Eq. 3.12): 
V0
S0
 =  r0 / 2          (Eq. 3.12) 
The initial total pore length can be calculated as follows (Eq. 3.13):  
L0 =
V0
πr0
2,          (Eq. 3.13) 
Structural parameter 𝜓 was estimated by three methods and the values were compared to 
one another considering the specifics of the structure of two chars (Appendix C.4). Careful 
determination of the structural parameter allows an appropriate application of the RPM. 
However, 𝜓 calculated by means of the approach of Xmax was used to evaluate kinetics in this 
study (Eq. 3.14). Since this method is more commonly used among the studies, which makes 
the results comparable. 
𝜓Xmax =
2
2 ln(1−Xmax)+1
 ,        (Eq. 3.14) 
where Xmax is a carbon conversion degree corresponding to the maximum reaction rate. 
 CHAPTER 3 Experimental 
 
 
43 
 
Arrhenius approach and reaction order 
All the methods to evaluate gasification kinetics of two chars were based on the Arrhenius 
equation approach which was discussed in Chapter 2 and also shown below (Eq. 3.15): 
k (T) = A0e
−Ea/RT,         (Eq. 3.15) 
where k(T) – apparent reaction rate constant; A0 (units are dependent on the method used) – 
pre-exponential factor; Ea, (kJ/mol) – activation energy. 
According to the nth order reaction rate approach, the equation of the reaction rate is 
expressed as follows (Eq. 3.16): 
Rr = A0e
−Ea/RT  [PCO2]
n𝑓(X),        (Eq. 3.16) 
where PCO2 is the partial pressure of CO2 and n is the reaction order. 
Although it is an important kinetic parameter, reaction order was not directly measured in this 
study. It was technically difficult to vary different inlet partial pressures of CO2 in order to 
keep the same outlet concentrations of CO2 at different gasification temperatures. One of the 
possibilities could be to assume the value of the reaction order from the literature for the 
similar feedstock. However, reaction order value is influenced by many parameters during 
the gasification (202) and there is no consensus among the authors which of the value is 
correct (25). As such, reaction order was assumed as unity – formal first-order – in this study. 
Global kinetic equations 
To sum up, global kinetic equations from three approaches (instantaneous reaction rate, 
kinetic models, and normalized reaction rate) can be expressed as follows (Eq. 3.17–3.19): 
Rov =
dX
dt
= A0e
−Ea/RT  [PCO2]
n=1𝑓(X)       (Eq. 3.17) 
Rinst = (
1
1−X
)
dX
dt
= A0e
−Ea/RT  [PCO2]
n=1       (Eq. 3.18) 
Rnorm = (
1
1−X
)
dX
dt
∙
1
S(X)
= A0e
−Ea/RT  [PCO2]
n=1      (Eq. 3.19) 
In order to compare three different kinetic evaluation approaches, kinetic models and 
normalized reaction rate approaches were recalculated to the instantaneous reaction rate 
approach at X=50 %. 
3.3 Coal/char structure characterization 
3.3.1 Gas physical adsorption technique 
Gas physical adsorption technique provides a plenty of information on the porous structure of 
the solid. Nevertheless, this method is time consuming and requires careful interpretation of 
the delivered results.  
Prior the measurements, char samples were degassed during 24 h at 350 °C. Two adsorbate 
gases (N2 at 77 K and CO2 at 273 °K) were employed for the measurements at 3-Flex 
Surface Area Analyzer (Micromeritics). Advantages and disadvantages of using N2 and CO2 
as adsorbates with respect to the coal chars were extensively discussed in Chapter 2.  
3-Flex Surface Area Analyzer is an automated gas adsorption allowing up to three samples 
to be measured simultaneously. The analyzer allows measurements at low pressures and 
provides conditions for the complete filling of the micropores with the adsorbate. 
Measurements with N2 were executed by placing the sample tubes inside the Dewar filled 
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with the N2 at its boiling temperature. CO2 adsorption analysis was performed by placing the 
sample tubes into the ready-made ice slurry in order to ensure the temperature of 273 K. 
Each pair of solid-gas yields its own unique adsorption isotherm which represents the 
structural properties of the chars. One of the most important structural properties which can 
be derived by means of the physical adsorption is char specific surface area. Different 
theories of interpretation of the adsorption isotherms allow evaluating specific surface area of 
pores of different size. For the purposes of this study, specific surface areas were nominally 
ranged into submicropore surface area (Submicro SA), micropore surface area (Micro SA), 
mesopore surface area (Meso SA), and total surface area (Total SA). Along with the specific 
surface areas, other properties can be derived by the interpreting the adsorption isotherms. 
The methods to determine these properties were chosen accordingly and mathematical 
expressions of the methods are shown in Table 3.6. 
Table 3.6 Mathematical description of the methods to evaluate char structural properties  
Adsorbate 
gas 
Interpretation 
method Mathematical expression of the method 
Structural 
properties 
determined 
Remarks 
N2 
BET 
P
Va(P0−P)
=
1
VmC
+
C−1
VmC
(
P
P0
); 
 
SBET =
VmσNa
mV
 
Total surface 
area 
Multilayer 
adsorption 
Va – quantity of gas 
adsorbed at 
pressure P; 
C – BET constant 
(indicates the 
interaction between 
adsorbent and 
adsorbate); 
P0 – saturation 
pressure of the gas 
Vm (m3/g) – 
quantity of gas 
monomolecular 
layer; 
σ* – area of surface 
occupied by one 
mole of adsorbate; 
N – Avogadro’s 
number; 
m – mass of the 
sample; V – molar 
volume. 
Langmuir 
P
Va
=
1
Vmb
+
P
Vm
 
Total surface 
area 
(microporous 
sample) 
Monolayer 
adsorption 
b – an empirical 
constant. 
t-plot t = 0.88 (
P
P0
)
2
+ 6.45 (
P
P0
) + 2.98** 
 
Micropore 
surface area 
This equation 
defines the 
thickness of the 
nitrogen layer 
adsorbed on the 
nonporous carbon 
black 
BJH ln
P
P0
=
−2γV
rRT
 – Kelvin equation. 
Mesopore 
surface area; 
Pore size 
distribution. 
𝛾 – surface tension 
of the liquid; 
V – molar volume 
of the condensed 
liquid in a pore of 
radius r. 
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FHH 
log (
P0
P
) = k/θr; 
ln (
V
V0
) = constant + A[ln (ln(P0/P))]; 
A=(D-3)/3; 
A=(D-3) 
 
Fractal 
dimension$ 
V0 and P0 – volume 
of monolayer and 
gas saturation 
pressure; 
V – amount of gas 
adsorbed at 
pressure P 
A – constant 
related to fractional 
dimension. 
HK 
RTln (
P
P0
)
= N [
(NaAa + NAAA)
σ4 (l − d)
] [
σ4 
3(l −
d
2)
3
−
σ10 
9 (l −
d
2)
9 −
σ4 
3 (
d
2)
3 +
σ10 
9(
d
2)
9
] 
Effective 
micropore size 
distribution of 
slit-shaped 
pores 
N – Avogadro’s 
number; 
Na – number of 
atoms per unit area 
of adsorbent; 
NA – number of 
molecules per unit 
area of adsorbate; 
Aa and AA – 
constants; 
𝜎 – distance 
between a gas 
atom and the 
nuclei; 
l – distance 
between nuclei of 
two layers; 
d – diameter of the 
adsorbate 
molecule. 
CO2 
DR, DA ln(Vads) = ln(V0) − (
RT
E0β
)
2(m)∗∗∗
(ln2
P0
P
) 
Submicropore 
surface area 
Vads – quantity 
adsorbed at relative 
pressure P/P0 and 
temperature T; 
V0 - limiting 
micropore volume; 
E0 - characteristic 
energy of 
adsorption for the 
reference vapor 
(benzene) 
𝛽§ - affinity 
coefficient. 
DFT 
KTln(ρ(z)) + ∆ψ (ρavg(z))
+ ∫ dz′ ρavg(z)∆ψ
′ (ρavg(z)) (
δρavg
δρ
)
+ U(z) + V(z) = μ 
Micro+Meso 
surface area 
V(z) – potential 
acting on a 
molecule at z-
coordinate; 
U(z) – pairwise 
potential of a 
molecule at z; 
𝜌𝑎𝑣𝑔 – average 
equilibrium density; 
𝜌(𝑧) – equilibrium 
density; 
µ - chemical 
potential. 
* The area of surface occupied by one mole differs among different adsorbates. Thus, 𝜎 for N2 equals 16.2 10 -20 m2. 
** Carbon Black Equation (102). 
***in the case of DA m is used. m value is supposed to be in range of 1 to 3, however, it is not necessarily a integer number 
(127). 
$The algorithm of the calculation of the fractal dimension for the partially gasified chars used in this study is discussed in details 
elsewhere (147), (203). The example of calculation in this thesis is shown in Appendix B.4. 
§In the case of benzene 𝛽 has a value of unity (102); in the case of nitrogen and CO2 𝛽 equals 0.33 and 0.193, respectively 
(204). 
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The samples of raw brown coals were not analyzed by gas adsorption, because these 
measurements can be detrimental for the equipment (due to the initial preheating of the 
sample). However, it could be possible to be performed if prepare the sample separately, in 
some other preheating station, which is less sensitive to the volatile matter release. 
Nevertheless, specific surface areas of raw coals are typically low (see Fig. 2.9). 
All the measured specific surface areas are assumed to represent the surface areas of the 
carbon matrix, since mineral matter possesses of negligibly low surface area. Some of the 
samples were analyzed several times in order to evaluate the repeatability of the 
measurements (see Appendix B.5). Noteworthy, samples analyzed by N2 adsorption 
revealed better repeatability of the values of surface areas than those analyzed by CO2 
adsorption. This can be related to the unsteady temperature of the ice slurry. Generally, 
standard deviations of the measured values were found in a range of ±1 – 180 m2/g, 
depending on the method applied for the interpretation. 
3.3.2 Other methods 
Mercury porosimetry 
Apparent density, pore size distribution, porosity, and pore volume were determined by 
means of Hg Porosimeter 9500 (Micromeritics). Mercury was forced to penetrate inside the 
pores by the increasing pressure. This procedure is expressed by the Washburn equation 
(Eq. 3.20) (205): 
D = (
1
P
) 4γ cos θ,         (Eq. 3.20) 
where D is a pore diameter, P is applied pressure, γ and θ are the surface tension of mercury 
and the contact angle between the solid surface and mercury, respectively. Values of the 
surface tension of mercury as well as of the contact angle are assumed to be constant. 
However, in reality they change depending on the investigated material, especially at higher 
applied pressures. More precise evaluation of the porous structure can be achieved by 
varying the values of the contact angle and surface tension (102). However, in most of the 
studies related to coals and chars a standard approach of Hg porosimetry is used. The 
Washburn equation assumes pores to be cylindrical and this is one of the main limitations of 
this method. As pressure applied to the system, certain volume of mercury penetrates into 
the pores of a certain size. Thereafter, a characteristic pressure-volume curve is created for 
the porous sample. Shape of the curve can already provide some preliminary information on 
the structure of the sample. The initial steep rise of the mercury volume refers to the filling of 
voids between sample particles, and the second rise refers to the filling of the pores 
themselves. Apparent density can be calculated as follows (Eq. 3.21) (102): 
ρapp =
ms
Vp−VHg
 ,         (Eq. 3.21) 
where ms is mass of the sample, Vp is volume of the penetrometer (the sample holder) and 
VHg is the volume of mercury. 
Pore size distribution can be directly extracted from the values of pressure employing the 
Washburn equation. 
Camsizer 
The cumulative particle size distributions (Q3, volume base) of two coals and their 
corresponding partially gasified chars were obtained by means of Camsizer-XT (Retsch) 
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equipment. The Camsizer-XT is based on the dynamic image analysis system. Randomly 
repeated measurements of char particle size distributions were performed in an effort to 
estimate the repeatability of the results and to reveal the presence of a random error by 
means of standard deviation (Appendix B.6). The estimated relative standard deviation was 
found approx.13 %. 
Helium pycnometry 
True densities for all investigated samples of Char 1 and Char 2 were measured by means of 
He pycnometer AccuPyc 1330 (Micromeritics) by helium displacement. True density was 
measured under the assumption that there is no closed porosity. 
Scanning Electron Microscopy (SEM) 
SEM analysis was performed at a scanning electron microscope QuantaFEG 250 (FEI 
Deutschland) in order to qualitatively assess the external surface of the char samples. 
Images were generated for the initial chars and for partially gasified chars under several 
magnification levels. The electron beam had an acceleration voltage of 20 kV. 
3.4  Experimental summary and error calculations 
Three main sets of the experiments were performed in the framework of this study: 
 Complete gasification experiments (Char 1 and Char 2 – ca. 30 experiments); 
 Partial gasification experiments (Char 1 and Char 2 – ca. 60 experiments); 
 TT-history experiments (Char 1- ca. 20 experiments). 
In total, there have been ca. 110 experiments performed including some parallel experiments 
for the repeatability tests. The residues of the chars were subjected to the structural 
analyses. 
 Gas adsorption (N2 and CO2) 
Approx. 90 samples were analyzed by N2 and CO2 adsorption. Three samples can be 
analyzed at once, thus, 30 measurements for N2 and 30 measurements for CO2 adsorptions 
were performed. Some of the samples were analyzed 2-3 times in order to ensure 
repeatability of the results. In average each measurement lasted 50 hours.  
 Mercury porosimetry and helium pycnometry (ca. 90 sample, 150 hours); 
 Camsizer (particle size distribution, ca. 90 samples, 40 hours); 
 SEM (structure morphology, 12 samples, 10 hours). 
Some of the measured values (where available) are shown with their standard deviations 
(SD) (Eq. 3.22).  
SD = √
∑ (xi−x ̅)2
n
i=1
n
,         (Eq. 3.22) 
where xi – measured values, x ̅ – mean value, n – number of data points. 
In turn, relative standard deviation (rSD, %) can be calculated as follows (Eq. 3.23) : 
rSD =
SD
x ̅
100          (Eq. 3.23) 
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CHAPTER 4 Results and Discussions 
This chapter is divided into three subchapters (4.1, 4.2 and 4.3) emphasizing three core sets 
of the results of this thesis. Subchapter 4.1 reports on the results of the kinetic evaluation of 
the gasification of two brown coal chars employing two approaches. Subchapter 4.2 
describes the results of the char structure changes during gasification. The link between the 
char gasification kinetics and structural changes happened during gasification is introduced 
in Subchapter 4.3. Moreover, Subchapter 4.3 introduces normalized reaction rate surface-
related kinetic evaluation approach. Finally, three methods to evaluate the gasification 
kinetics are compared and global gasification kinetic equations were obtained. 
4.1 Kinetic evaluation of gasification of two chars 
4.1.1 Introduction 
Chars prepared from two brown coals were gasified under conditions discussed in Chapter 3 
(Table 3.2 and Table 3.3). Raw data of gasification experiments of both chars is attached in 
Appendix C.1. 
4.1.2 Char characteristics  
For further simplification Char 1 stands for Coal 1 (Lusatian brown coal) and Char 2 stands 
for Coal 2 (Rhenish Brown coal). The ultimate and proximate analyses of both Char 1 and 
Char 2 are shown in Table 4.1. 
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Table 4.1 Ultimate, proximate, and ash composition analyses of Char 1 and Char 2 
Ultimate analysis, (wt. %) dry base 
 Char 1 (200-315 µm) Char 2 (200-315 µm) 
C 83.02 85.73 
H 0.95 0.89 
N 0.70 1.03 
O 1.58 2.9 
Proximate analysis, (wt. %) dry base 
 Char 1 (200-315 µm) Char 2 (200-315 µm) 
Ash 14.83 9.44 
Volatile Matter 4.47 3.3 
Fixed Carbon 80.70 87.26 
Sum Σ 100 100 
Ash composition analysis, (wt. %) 
 Char 1 (200-315 µm) Char 2 (200-315 µm) 
Na2O - 2.37 
MgO 6.06 13.0 
Al2O3 4.74 6.73 
SiO2 23.45 17.19 
P2O5 0.03 0.04 
SO3 18.23 19.38 
K2O 0.31 0.82 
CaO 24.43 30.22 
TiO2 0.22 0.3 
Cr 0.0013 0.004 
Mn 0.17 0.086 
Fe2O3 22.08 9.35 
Ni 0.002 0.005 
Cu 0.002 0.03 
As 0.037 0.063 
Sr 0.15 0.18 
Mo - 0.007 
Sn 0.005 - 
BaO 0.08 0.26 
Sum Σ 100 100 
Ash compositions of the char samples are also shown in Table 4.1. 
4.1.3 Char conversion 
Both chars were gasified under the similar fluidization conditions, which were estimated 
according to the chars’ properties (particle size, apparent density, etc.) as described in 
Chapter 3. 
Char conversion (X) as a function of time was calculated based on Eq. 3.3 and 3.4. The 
profiles of conversion curves for both chars are presented in Fig. 4.1. 
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Fig. 4.1 Conversion of Char 1 and Char 2 as a function of time at 800, 850, 900, and 950 °C 
There was direct influence of temperature noticed on the conversion rate of both chars. 
Higher temperature caused greater conversion degree after the same gasification time at 
constant total system pressure and constant average partial pressure of CO2 for Char 1 
(10 vol.%) and Char 2 (25 vol.%). 
Fig. 4.2 shows typical profiles of the instantaneous mass-related reaction rate as a function 
of char conversion for both chars. Instantaneous reaction rate expresses the reaction rate 
related to the current (rest) mass of the char. Instantaneous reaction rate profiles have a 
typical shape with a pronounced peak at the latest stages of conversion which is related to 
the mathematical interpretation of the reaction rate (Eq. 3.6 and 3.7). 
 
Fig. 4.2 Instantaneous reaction rates of Char 1 and Char 2 as a function of conversion at 
800, 850, 900, and 950 °C 
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According to the results shown in Fig. 4.1 and Fig. 4.2, less time was required to gasify 
Char 2 to the same conversion degree as Char 1 under the same fluidization conditions. 
Char 2 was found to be more reactive towards CO2 under given conditions. Table 4.2 
demonstrates the values of the instantaneous reaction rates measured at 50 % of conversion 
for both chars Rinst
Char 1(50) and Rinst
Char 2(50). 
Table 4.2 Instantaneous reaction rates of Char 1 and Char 2 determined at conversion 
degree X=50 % 
Conversion X, % Temperature, °C 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟏, 
g/g min 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟐, 
g/g min 
Ratio 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟐/𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟏 
50 
800 0.010 0.02 2 
850 0.012 0.04 3.3 
900 0.022 0.05 2.3 
950 0.028 0.07 2.5 
As it is seen from Table 4.2, Char°2 is two to three times as reactive as Char 1. However, 
gasification reactions of two chars were performed at the different vol. % of CO2 (10 vol.% - 
Char 1 and 25 vol.% - Char 2) due to the limitations previously discussed in Chapter 3. 
Therefore, the results of the instantaneous reaction rates of Char 2 were recalculated to 
10 vol.% by means of the Random Pore Model (RPM) in order to compare the instantaneous 
reaction rates of two chars at the same constant CO2 partial pressure. Recalculated profiles 
are shown in Appendix C.2. Recalculated values of the instantaneous reaction rates of 
Char 2 at X=50 % and their comparison with the values of the instantaneous reaction rates of 
Char 1 at X=50 % are demonstrated in Table 4.3. 
Table 4.3 Instantaneous reaction rates of Char 1 and recalculated at 10 vol.% of Char 2 at 
conversion degree X=50 % 
Conversion  X, 
% 
Temperature, °C 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟏, 
g/g min 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟐, 
g/g min 
(recalculated to CO2 
10 vol.%) 
Ratio 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟐./ 
𝐑𝐢𝐧𝐬𝐭
𝐂𝐡𝐚𝐫 𝟏 
50 
800 0.01 0.004 0.4 
850 0.012 0.015 1.25 
900 0.021 0.022 1.04 
950 0.029 0.036 1.24 
The instantaneous reaction rates of two chars at X=50 % are rather comparable to each 
other. Nevertheless, at the lowest gasification temperature (800 °C) Char 1 was found to be 
more reactive than Char 2. However, at the higher temperatures the instantaneous reaction 
rates of Char 2 were larger than of Char 1. This can be explained by the catalytic activity of 
the ash constituents which effect enhances with the increasing reaction temperature. This is 
in agreement with the results of the alkali index calculations for Coal 2 which is slightly higher 
than for Coal 1. 
Since there was detected the influence of the CO2 concentration, for the further kinetic 
evaluation reaction rate constants in the case of both Char 1 and Char 2 were normalized to 
the concentration of the CO2 10 vol.% and 25 vol.%, respectively. 
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4.1.4 Kinetic evaluation 
Instantaneous (mass-related) approach 
In order to determine the kinetic parameters (Ea, A0) of the gasification reactions, the 
instantaneous reaction rates of both chars at the same conversion degree equaled 50 % 
were plotted following the Arrhenius approach (Fig. 4.3).The choice of the conversion degree 
was discussed in Chapter 3. For the sake of comparison, kinetic parameters were also 
calculated from the instantaneous reaction rates at different conversion degrees (X=10, 
20…90 %) for both Char 1 and Char 2. The results are shown in Appendix C.3. 
 
Fig. 4.3 Determination of the kinetic parameters by means of the instantaneous (mass-
related) reaction rate at X=50 % using the Arrhenius approach 
Pre-exponential factor and activation energy were determined by the intercept and slop of the 
plot, respectively. Arrhenius diagram is used as an estimator of the regime, where the 
reaction takes place following the theory of three regimes for char conversion described in 
Chapter 2 of this thesis. Typically, more temperature points are required for the accurate 
determination of the regime. However, many studies were able to determine the regime 
considering three temperature points (54), (55). Both Arrhenius plots for Char 1 and Char 2 
represent rather straight lines with no pronounced turning point, indicating rather Regime I, 
where the reaction is chemically controlled (Fig. 4.3). 
The values of the kinetic parameters are summarized in Table 4.4 and will be discussed in 
detail along with the values derived by kinetic models and by the normalized reaction rate 
approach in Chapter 4 (Subchapter 4.3.4). 
Table 4.4 Kinetic parameters derived from the instantaneous reaction rate (mass-related) 
approach at X=50 % 
Kinetic evaluation 
method 
Instantaneous reaction rate (mass-related) approach 
Kinetic parameters Ea, J/mol A0, g/g min 
Char 1 (200-315 µm) 79408 1215 
Char 2 (200-315 µm) 103410 8330 
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Using the derived kinetic parameters, the data was recalculated in order to evaluate their 
ability to predict the experimental results. 
In order to reapply the kinetic data to the experimental results following equation was used 
(Eq. 4.1 and 4.2): 
dX
dt
= kinst(recalc)(1 − X),        (Eq. 4.1) 
X = 1 − exp(−kinst(recalc) t) ,        (Eq. 4.2) 
where kinst(recalc) is the reaction rate constant recalculated from the derived kinetic 
parameters (Ea and A0 from Table 4.4). 
The ability of the kinetic data to predict the experimental results for both chars is shown in 
Fig 4.4 and 4.5.  
 
Fig. 4.4 Predictions of the instantaneous reaction rate approach against the experimental 
data: conversion as a function of time 
The errors between the experimental and predicted values are demonstrated in Table 4.5. 
The Root-Mean-Square-Error (RMSE) and relative Root-Mean-Square-Error (rRMSE) used 
as estimators of the differences between the predicted and experimentally observed values. 
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Table 4.5 RMSE and rRMSE of the measured (experimentally derived) and predicted curves 
of conversion of Char 1 and Char 2 by the instantaneous reaction rate approach (Fig. 4.4) 
Temperature, 
°C 
RMSE, - 
Char 1 Char 2 
800 0.055 0.06 
850 0.073 0.053 
900 0.076 0.123 
950 0.11 0.066 
Temperature, 
°C 
rRMSE, % 
Char 1 Char 2 
800 12.3 18.2 
850 27.2 11.9 
900 28.6 88.4 
950 191 18.9 
The kinetics calculated by means of the instantaneous reaction rate approach was able to fit 
the experimental data in the case of both Char 1 and Char 2. The experimental data were 
generally better predicted at the lower gasification temperatures (800 and 850 °C) than at the 
higher once. 
 
Fig. 4.5 Predictions of the instantaneous reaction rate approach against the experimental 
data: overall gasification reaction rate as a function of carbon conversion 
The profile shape of the experimentally derived overall reaction rate was not reasonably well 
predicted by the kinetics of the instantaneous reaction rate approach. This can be explained 
by that, this approach does not take into account any structural changes and represents the 
gasification reaction rather as homogeneous. 
Kinetic models approach 
Three kinetic models (the RPM, the VM, and the SCM) were applied in order to determine 
the kinetic parameters (Ea, A0) characterizing the gasification reactions of two chars. 
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Integrated forms of the models’ equations discussed in Chapter 2 and demonstrated below 
(Eq. 4.3, 4.4, and 4.5) were used to derive reaction rate constants (krpm, kvm, kscm (1/min)) as 
a slope of linear correlations as demonstrated in Fig. 4.6. 
(
2
𝜓
) [√1 − 𝜓 ln(1 − X) − 1] = kRPMt       (Eq. 4.3) 
−ln(1 − X) = kVMt         (Eq. 4.4) 
3(1 − (1 − X)1/3) = kSCMt        (Eq. 4.5) 
 
Fig. 4.6 Linear fitting of the integrated forms of the kinetic models ’ equations 
Conversion degrees up to 99 % were taken into account for this evaluation at each studied 
temperature. In order to apply the RPM, structural parameter 𝜓 has to be determined (the 
phenomenon of 𝜓 is discussed in detail in Appendix C.4). Structural parameter 𝜓 used for 
the kinetic evaluation in this study was calculated by Xmax approach. Calculated 𝜓(Xmax) are 
shown in Table 4.6 along with the normalized reaction rate constants. 
Table 4.6 Reaction rate constants as determined from the kinetic models (krpm, kvm, kscm) 
Temperature, °C 
Char 1 Char 2 
𝝍 (Xmax) kRPM kVM kSCM 𝝍 (Xmax) kRPM kVM kSCM 
800 2.41 0.12 0.22 0.14 2.74 0.05 0.1 0.06 
850 2.15 0.14 0.26 0.16 4.07 0.08 0.18 0.11 
900 2.78 0.23 0.45 0.29 3.13 0.10 0.21 0.13 
950 2.82 0.31 0.61 0.38 3.25 0.23 0.54 0.28 
The k values determined at lower gasification temperatures are typically lower than those 
determined at higher temperatures, indicating lower reaction rates. Natural logarithms of the 
 CHAPTER 4 Results and Discussions 
 
 
57 
 
reaction rate constants were plotted against the reciprocal temperatures representing the 
Arrhenius plot (Fig. 4.7). 
Fig. 4.7 Determination of the kinetic parameters by means of the RPM, VM, and SCM using 
the Arrhenius approach 
Again, Arrhenius correlation revealed rather straight lines without a pronounced turning point, 
indicating rather Regime I conditions. Values of activation energies and pre-exponential 
factors derived from the Arrhenius plots by three kinetic models are summarized in Table 4.7. 
Table 4.7 Kinetic parameters derived by the kinetic models approach 
 Ea, kJ/mol A0, 1/min 
Kinetic evaluation method Kinetic models Kinetic models 
 RPM VM SCM RPM VM SCM 
Char 1 74 80 77 419 1543 732 
Char 2 104 113 104 5409 31132 6874 
Derived kinetic parameters were reapplied in the kinetic models’ equations in order to check 
how well the models can fit the experimentally derived data. The first set of plots shown in 
Fig. 4.8 demonstrates the curves of char conversion as a function of time. 
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Fig. 4.8 Predictions of the kinetic models against the experimental data: carbon conversion 
as a function of time 
Based on the analysis of the plots, the VM model visually revealed the worst correlation with 
the experimental data. This is confirmed by the RMSE and rRMSE (Table 4.8).  
Table 4.8 RMSE and rRMSE of the measured (experimentally derived) and predicted curves 
of conversion of Char 1 and Char 2 by the kinetic models (Fig. 4.8) 
Temperature, 
°C 
RMSE, - 
Char 1 Char 2 
RPM VM SCM RPM VM SCM 
800 0.01 0.08 0.02 0.03 0.1 0.04 
850 0.06 0.13 0.07 0.03 0.08 0.03 
900 0.05 0.12 0.05 0.12 0.18 0.17 
950 0.08 0.16 0.09 0.04 0.12 0.05 
Temperature, 
°C 
rRMSE, % 
Char 1 Char 2 
RPM VM SCM RPM VM SCM 
800 1.9 27.2 5.0 6.7 36.3 13.4 
850 13.8 45.1 19.7 6.0 28.1 7.44 
900 13.5 47.6 19.1 63.2 127.2 75.7 
950 125 246 152 10.7 41.5 14.9 
The RPM was found to be well applicable for the prediction of the measured experimental 
values. The best model fitting was noticed at the lower gasification temperatures. The largest 
error was noticed at 950 °C in the case of Char 1 and at 900 °C in the case of Char 2. 
The second set of plots demonstrates profiles of the overall reaction rates as a function of 
char conversion and the ability of the models to predict the experimental results (Fig. 4.9). 
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Fig. 4.9 Predictions of kinetic models against the experimental data: gasification reaction 
rate as a function of carbon conversion 
As expected, the RPM demonstrates the best fit to the profile of the experimental data, which 
is consistent with the definition of the RPM to be able predicting the reaction rate with a 
maximum peak. The VM and SCM illustrate rather monotonically decreasing profiles of the 
overall reaction rate. The best fit of the RPM was noticed at lower temperatures (800 and 
850 °C). 
In order to compare the results of kinetic evaluation, Char 1 (200-315 µm) was also gasified 
in TGA. The details are shown in Appendix C.5. The values of the activation energies as 
derived by the kinetic models from TGA were found to be slightly higher (107-127 kJ/mol) 
than the ones derived from the fluidized bed experiments (74-80 kJ/mol). Similar findings 
were observed in the case of the pre-exponential factors: 1401-28396 1/min and 419-
1543 1/min obtained from TGA and fluidized bed, respectively. However, activation energies 
as derived by the instantaneous reaction rate approach (at X=50 %) are rather comparable 
from TGA (79 kJ/mol) and fluidized bed (89 kJ/mol) experiments. Pre-exponential factor from 
fluidized bed experiments was found slightly higher (1215 g/g min) than the one from TGA 
experiments (387 g/g min).  
Furthermore, kinetic parameters obtained from the experiments in TGA (Table C.5.2) were 
reapplied to the experimental data derived from the fluidized bed. Fig. 4.10 demonstrates the 
comparison between the predicted results from the fluidized bed experiments (red curves) 
and the predicted results from TGA reapplied to the fluidized bed results (blue curves) as well 
as the raw experimental data (separate points). Kinetics (as derived from the RPM and the 
instantaneous rr approach) obtained from TGA predicted faster conversion of Char 1 than the 
conversion predicted from the direct kinetics of the gasification in fluidized bed. The 
difference is more pronounced in the case of the kinetics obtained by the instantaneous 
reaction rate approach (average relative error 40 %). The difference between the predicted 
trends obtained by the RPM is less pronounced (average relative error 20 %). The findings 
suggested that the reactor type has an influence on the gasification kinetics. The main 
difference between the gasification conditions in fluidized bed and TGA was the 
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concentration of CO2. In the case of TGA, it was not possible to determine the concentration 
of CO2. Nevertheless, gasification kinetics of Char 1 as derived from TGA and fluidized bed is 
rather comparable. 
 
Fig. 4.10 Kinetics from TGA experiments reapplied to the experimental da ta of fluidized bed 
experiments 
The third approach to evaluate gasification kinetics (surface-related, normalized reaction 
rate) will be discussed in the last subchapter of Chapter 4. The comparison of the 
approaches as well as the global gasification equations will be discussed later as well 
(Subchapter 4.3.4).  
4.1.5 Subchapter summary 
Gasification kinetics of two brown coal chars was evaluated using mass-related reaction rate 
approach (instantaneous reaction rate) as well as by using three kinetic models. Some 
general conclusions can be drawn: 
 The instantaneous reaction rate of Char 2 was found ca. two times higher than the one of 
Char 1 at the same fluidization conditions but different concentrations of CO2; 
 Recalculated to the same concentration of CO2 instantaneous reaction rates of two chars 
are rather comparable to one another; 
 Kinetic parameters (Ea and A0) were derived by the instantaneous reaction rate and kinetic 
model approaches; 
 The RPM most accurately represents the experimental results among three models; 
however, not perfectly; 
 Kinetic models better agree with the experimental results at lower temperatures, rather than 
at higher ones (especially in the case of Char 1). 
Char 1 was also gasified in TGA reactor under the similar conditions as the fluidized bed 
experiments. The findings suggested that the choice of the reactor may influence the results 
of the kinetic evaluation. Next subchapters will introduce another method to evaluate 
gasification kinetics, where three methods will be again discussed. 
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Fig. 4.12 Consistency of the partially gasified chars with complete gasification curves 
The conversion degrees of the partially gasified chars do not perfectly fit the complete 
gasification curves, but still sufficient enough to correlate gasification reaction rate and char 
structural properties at corresponding conversion degrees. Experimental limitations, such as 
non-ideal uniformity and representativeness of the char sample have an influence on the 
results. The rRMSE calculation was applied in order to evaluate the difference between X of 
the complete gasification curves and X of the corresponding partially gasified char. The 
rRMSEs for each studied temperature are summarized in Table 4.9. 
Table 4.9 Comparability of the partially gasified chars with the complete conversion curves 
Temperature, 
°C 
rRMSE, % 
Char 1 Char 2 
800 9.9 14.9 
850 18.6 14.4 
900 10.1 10.6 
950 35.1 18.5 
The largest uncertainty was noticed at higher gasification temperature (950 °C). Data points 
in Fig 4.12 are shown with the error bars indicating an error of 15 %. 
Generally, partially gasified chars were found to be reasonably well comparable to the 
complete gasification curves. As such, structural properties are assumed to be comparable to 
the gasification rate at the corresponding conversion degrees. This comparison is important 
for discussed below attempts to link the gasification reaction rate to the char structural 
changes happened during the reaction.  
Density, porosity, and pore volume characterization: Char 1 and Char 2 
Density, porosity, pore volume, and pore size distribution for both Coal 1 and Coal 2 and their 
corresponding chars are observed in Table 4.10 and Table 4.11. 
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Table 4.10 Structural properties of raw coals and corresponding chars derived by 
Hg porosimetry and He pycnometry techniques 
Sample 
True density, 
g/cm3 
Apparent 
density, 
g/cm3 
Porosity, 
% 
Macro 
pores, % 
Meso 
pores, 
% 
Micro 
pores, % 
Coal 1 (bulk) 1.47±0.01 0.97 33.89 78.91 5.65 15.44 
Coal 2 (bulk) 1.43±0.01 1.15 19.65 59.29 15.31 25.40 
Char 1 (200-315 µm) 2.06±0.02 1.03 50.2 61.3 1.5 37.2 
Char 2 (200-315 µm) 2.02± 0.01 1.19 41.19 47.14 3.21 49.65 
Table 4.11 Absolute values of pore volume distribution of raw coals and corresponding chars 
derived by Hg porosimetry 
Sample 
Pore volume, 
cm3/g 
Macro pores 
volume, cm3/g 
Meso 
pores 
volume, 
cm3/g 
Micro pores 
volume, cm3/g 
Coal 1 (bulk) 0.34 0.27 0.02 0.05 
Coal 2 (bulk) 0.17 0.10 0.03 0.04 
Char 1 (200-315 µm) 0.49 0.3 0.01 0.18 
Char 2 (200-315 µm) 0.34 0.16 0.01 0.17 
Lusatian brown coal (Coal 1) is more porous than Rhenish brown coal (Coal 2) – 34 % of 
total porosity and 0.34 cm3/g of pore volume vs. 20 % and 0.17 cm3/g, respectively. Chars 
produced from two coals under the same pyrolysis conditions preserved the difference 
between the structures. However, this difference in structure of the corresponding chars is 
less pronounced than in the case of the parent coals. The share of micropores of Char 1 is 
smaller than of Char 2, although their absolute volume values are similar to one another. 
Interestingly, true and apparent densities of the corresponding chars of both coals are 
similar. 
The profiles of densities (true and apparent) changes during the gasification course at all 
studied temperatures for both chars are shown in Fig. 4.13 below.  
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Fig. 4.13 Profiles of true and apparent densities as functions of char conversion for Char  1 
and Char 2 gasified at 800, 850, 900, 950 °C 
True density was gradually increasing as the gasification reaction proceeded. This 
observation is consistent with the statement that carbon is converted, while the ash content 
remains constant. Therefore, true density of the char is influenced by the density of the ash, 
which is higher than the one of carbon. Apparent density was gradually decreasing as the 
reaction proceeded. Such behavior indicates that the gasification reaction took place 
throughout the particle causing the changes in pore system of the particle. This behavior is 
consistent with the previously reported in another study observation where the gasification of 
the petroleum coke and brown coal char has been accompanied by a linear decrease in 
apparent particle density under Regime I conditions (24). Both chars revealed similar profiles 
of the densities’ change. Profiles of total porosities and pore volumes calculated from the 
densities are shown in Fig. 4.14. 
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Fig. 4.14 Profiles of porosities and pore volume as functions of char conversion for Char 1 
and Char 2 
Both porosity and pore volume were gradually increasing as the reaction proceeds, indicating 
the reaction taking place throughout the char particle. Noteworthy, all the observed above 
tendencies can be considered as temperature independent for both chars. Equations 
describing the linear trends of changes of those properties will be discussed below (with 
respect to the structural assumptions of the kinetic models (Table 4.17)) and the trends were 
found to be similar for both chars. 
Pore size distribution profiles for both chars are shown below (Fig. 4.15 – Fig. 4.18).  
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Fig. 4.15 Profiles of porosity distribution of the samples of Char 1 
In the case of Char 1 the share of mesopores significantly increased with carbon conversion. 
The mesopore share in the initial char was from 17 to 25 times smaller than in the char at 
approx. X=50 % at each studied temperature. The share of micropores obviously decreased 
as the reaction proceeds but not so strongly as the increase of mesopore share. The share of 
micropores in the char of X=50 % was twice as smaller as in the initial char prior the 
gasification. The development of mesopores can be associated with the opening of the 
originally closed porosity and/or with the influence of the heat treatment on the char structure. 
The share of macropores insignificantly decreases (factor 1.3 to 1.5) up to X=50 %. 
Macropore could serve as transport channels for the reactant gas to the pores of smaller 
sizes where the reaction takes place. The absolute values of pore volume (cm3/g) distribution 
among the pores of different sizes are also worth it to be discussed. The profiles of pore 
volume changes during the reaction are shown in Fig. 4.16 below. 
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Fig. 4.16 Changes of the volumes of micro, meso and macro pores of the samples of Char  1 
during gasification 
Interestingly, that the absolute volume of macropores obviously increases as the reaction 
proceeded while relative macropore share remains rather constant. Absolute volume of 
mesopores increases during the char gasification. Micropore volume slightly increases in the 
beginning of the reaction and then remains rather constant with a slight tendency to decrease 
at the later stages of the reaction. 
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Fig. 4.17 Profiles of porosity distribution of the samples of Char 2 
Char 2 was initially more microporous than Char 1. Mesopore share increase was not as 
pronounced as in the case of Char 1. The share of mesopores in the initial sample was from 
3 to 10 times smaller than in the sample at X=50 %. There was also noticed a slight decrease 
(factor 1.6) of the micropore share in the char at X=50 % in comparison to the initial char. 
Nevertheless, there were recorded less structural changes within the pores of different sizes 
in the structure of Char°2 in comparison to Char 1 under similar gasification conditions. One 
of the reasons can be the influence of the differing partial pressure of CO2 and CO during the 
gasification of two chars. Some studies reported on the influence of the partial pressure and 
gas composition on the development of char structure (209), (210). It is again important to 
discuss the absolute values of pore volume distribution among the pores of different sizes. 
The profiles for the samples of Char 2 are shown in Fig. 4.18. 
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Fig.4.18 Changes of the volumes of micro, meso and macro pores of the samples of Char 2 
In a similar way as it was observed in the case of the samples of Char 1, the absolute volume 
of macropores increases as the reaction proceeds as well as the volume of mesopores (in 
the most of the cases). The volume of micropores initially increases and then remains 
constant with the tendency to decrease at the later stages of the reaction. The values of the 
absolute pore volumes distributed among the pores of different sizes are shown in 
Appendix C.6. 
Physical gas adsorption: Surface area characterization 
N2 and CO2 adsorption isotherms 
Following profiles of N2 adsorption isotherms were obtained for each sample of Char 1 and 
Char 2 at four studied gasification temperatures (Fig. 4.19 and Fig. 4.20). 
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Fig. 4.19 Profiles of N2 adsorption isotherms derived for partially gasified samples of Char 1 
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Fig. 4.20 Profiles of N2 adsorption isotherms derived for partially gasified samples of Char 2 
As it has been established, physical structure of the initial samples of Char 2 after pyrolysis 
could not be easily treated and measured by N2 adsorption. After several days of 
measurements the N2 adsorption was cancelled by the equipment because of the failure to 
achieve the equilibrium between the adsorbate and adsorbed state. The retrial of the 
experiment eventuated in extremely low values of total surface area of about 5 m2/g (as 
determined by the BET method), which is unrealistic for the investigated char. Such 
difficulties in measurements can be explained by extremely narrow micropores of Char 2, 
where N2 molecules cannot penetrate inside. As such, there is no N2 adsorption analysis for 
the initial sample of Char 2 provided. Nevertheless, the sample was successfully analyzed by 
means of CO2 adsorption and results are presented and discussed below. 
Noteworthy, the adsorption measurements on some samples took significantly long time (up 
to 60 hours) due to the N2 diffusion limitations. Generally, the isotherms represent the 
combination of Type I and Type II/IV (IUPAC). Similar findings were reported elsewhere (94), 
(82). A steep increase of nitrogen quantity adsorbed in the beginning of the adsorption infers 
Type I and indicates the existence of micropores. The presence of a hysteresis loop infers 
Type IV and confirms occurrence of mesopores. This means that the investigated char 
samples contained both micropores and mesopores. The shape of the isotherm of the initial 
char sample (in the case of Char 1) indicated that it was mostly microporous, while partially 
gasified chars also displayed the developing mesoporosity. According to the IUPAC 
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classification, the observed hysteresis loops were a combination of H3 and H4 Types for both 
samples of Char 1 and Char 2. It indicates the existence of slit-like or needle-like pores and 
also the presence of macropores. The same general tendency is observed for the samples 
gasified at different temperatures. The isotherm transformation from Type I to Type II/IV 
during char conversion was observed for both Char 1 and Char 2. The volume of the 
adsorbed N2 increased with the increase of the char conversion degree in the case of both 
Char 1 and Char 2. This increase was found to be rather independent of the gasification 
temperature (Fig. 4.21).  
 
Fig. 4.21 Volume of N2 adsorbed at the samples of Char 1 and Char 2 
Values of the specific surface area were derived by the interpretation of the adsorption 
isotherms using different methods. The BET method is well-applicable for the adsorption 
isotherms of Types II and IV, while it is known to underestimate the total surface area 
presented by Type I (102). One of the determination criterions of the BET method 
appropriateness is a BET constant C in the BET equation (Table 3.6). The constant C is 
derived from the BET plot, which is supposed to represent linearity at the range of P/P0 0.05-
0.35, and expresses the intensity of the gas-surface interaction. The constant C is expected 
to be in a range from 50 to 300 (102), (211). However, due to the presence of narrow 
micropores, plot sometimes fails the linearity at the mentioned range of P/P0. This yields C 
value to be either negative or too high and makes the BET method inappropriate to evaluate 
total surface area of the sample. In order to carefully collect information on the Total SA 
either the range of linearity of P/P0 has to be checked (along with the constant C) or another 
method should be used instead. Some ways to overcome a described-above problem in the 
case of collecting structure information of the anthracite microporous coal is shown 
elsewhere (212). In this study the Langmuir method was used instead of the BET in the 
cases of negative or too high C constants. The Langmuir method expresses the surface area 
of the solids of a Type I isotherm more accurate. In the current study, most of the surface 
area values of both Char 1 and Char 2 were obtained with the Langmuir method (the 
collection of the values is shown in Appendix C.7). This indicates that the investigated 
samples were mostly microporous. The difference between surface area values for the 
samples of both chars derived using the BET method and the Langmuir method is shown in 
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Appendix C.8. The relative difference between the values determined by two methods can be 
sometimes up to 37 %.  
The t-plot and BJH methods were used to derive the values of Micro and Meso SA, 
respectively. The existence of hysteresis loop infers the presence of pores of mesoscale. It 
occurs because of the capillary condensation within the mesopores, which start to be filled 
with an adsorbate at higher relative pressures. Thus, adsorption behavior of nitrogen can be 
nominally splitted into two regions, namely, region of low- (0-0.5) and high relative pressures 
(0.5-1). Low pressure region adsorption is dominated by Van der Waals forces while higher 
one – by capillary condensation within the pores of bigger size (mesopores).  
CO2 at 273 K has a higher saturation pressure than N2; this allows performing adsorption at 
the lower P/P0 range (10-5-0.01), to assess narrow submicropores. Furthermore, 
CO2 adsorption measurements in most of the cases took less time in comparison to the 
N2 adsorption, because less time is required for establishing the equilibrium between the 
adsorbate and the adsorbed state. Typical profiles of CO2 adsorption isotherms for partially 
gasified samples of Char 1 and Char 2 are shown in Fig. 4.22 and Fig. 4.23. According to the 
classification, isotherms represent a combination of Type I and II, indicating a microporous 
material (consistently with the N2 adsorption isotherms). In comparison to the N2 adsorption 
isotherms, where the amount of adsorbed N2 always increased with increasing char 
conversion degree at all studied temperatures, there is no appreciable tendency in the 
change of the volume of CO2 adsorbed for both Char 1 and Char 2. 
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Fig. 4.22 Profiles of CO2 adsorption isotherms derived for partially gasified samples of 
Char 1 
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Fig. 4.23 Profiles of CO2 adsorption isotherms derived for partially gasified samples of 
Char 2 
However, rather clear trend of the decrease of the volume of CO2 adsorbed was noticed as 
the reaction proceeded for both Char 1 and Char 2. Notably, in comparison to the samples of 
Char 1, in average slightly more CO2 was adsorbed into the pores of the samples of Char 2 
(Fig. 4.24). This indicates that samples of Char 2 are more microporous and contain more 
submicropores.  
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Fig. 4.24 Volume of CO2 adsorbed at the samples of Char 1 and Char 2 
The decrease of the volume of adsorbed CO2 during the gasification reaction indicated the 
different mechanisms of CO2 and N2 adsorption. The decrease of adsorbed CO2 might infer 
growth of micropores in size, due to their coalescence: pores become bigger, while their 
surface area decreases. However, the changes in submicroporosity can be caused not only 
due to the reaction but also due to the char long-lasting heat treatment. This phenomenon 
will be discussed below in this chapter. Three methods were applied in an effort to derive the 
values of the specific surface areas from the CO2 adsorption isotherm: the DR, the DA, and 
the DFT. The results are discussed below. 
Specific surface areas: Char 1 and Char 2 
All the obtained adsorption isotherms were interpreted by the methods extensively described 
in previous chapters in order to evaluate the specific surface areas (SA) of the samples of 
two chars. 
Fig. 4.25 and Fig. 4.26 demonstrate profiles of the development of the specific surface areas 
of different pore sizes (as determined by N2 and CO2 adsorption, respectively) during the 
gasification reaction.  
 CHAPTER 4 Results and Discussions 
 
 
77 
 
 
Fig. 4.25 Profiles of the specific surface areas (Total SA, Micro SA, Meso SA) as a f unction 
of char conversion as determined by N2 adsorption 
Chars gasified at lower temperatures (800 and 850 °C) have generally larger values of SA 
than the chars gasified at higher temperatures. This difference in SA at different 
temperatures can be caused by some possible effect of the time-temperature history on the 
char structure. Long-lasting heat treatment can cause a strong decrease of the char surface 
area due to the microstructure reordering (188). The decrease is stronger at higher 
temperatures than at lower ones (188). This difference is the most obvious in the case of 
Total and Micro SA. In order to check the effect of the heat treatment on the char surface 
area, samples of Char 1 were kept under the inert conditions during certain periods of time 
and then analyzed on their structural properties. The results will be discussed later in a 
section of TT-history experiments. 
The changes in Total SA, Micro SA, and Meso SA (as determined by N2 adsorption) were 
rather comparable in the case of both Char 1 and Char 2, although absolute values differed. 
All of the corresponding measured SA values of the samples of Char 2 were higher than 
those of Char 1. Micro SA of Char 2 was in average up to two times larger than Micro SA of 
Char 1, while Meso SA of Char 2 is just slightly higher than Meso SA of Char 1. 
The change of Total SA for both chars did not reveal any clear trend as the reaction 
proceeds. However, for the most of the measured samples, Total SA slightly increased and 
then decreased as the reaction proceeded, somehow followed a polynomial trend. Meso SA 
was found to increase severalfold (up to factor of five in the case of both Char 1 and Char 2) 
as the reaction proceeded. Micro SA was observed to generally decrease with gasification 
course of both chars. The collection of the values of specific surface area is shown in 
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Appendix C.7. Polynomial trend was the best to describe the changes profiles of the specific 
surface areas (Table 4.12 and Table 4.13). 
Table 4.12 Polynomial correlations of the profiles of Total, Micro, and Meso SA (as 
determined by N2 adsorption) changes for the samples of Char 1 
Temperature, 
°C 
Total SA 
R2 Equation 
800 0.25 Total SA(X) = 0.0631X2 - 6.0188X + 573.38 
850 0.94 Total SA(X) = -0.0981X2 + 9.7354X + 208.54 
900 0.99 Total SA(X)= 0.02X2 - 0.6108X+ 311.99 
950 0.98 Total SA(X) = 0.0043X2 + 0.8261X + 283.82 
Temperature, 
°C 
Micro SA 
R2 Equation 
800 0.97 Micro SA(X) = 0.1292X2 - 16.079X + 557.71 
850 0.98 Micro SA(X) = -0.0831X2 + 6.7653X + 78.686 
900 0.48 Micro SA(X) = 0.0048X2 - 0.7212X + 125.18 
950 0.55 Micro SA(X) = -0.0831X2 + 6.7653X + 78.686 
Temperature, 
°C 
Meso SA 
R2 Equation 
800 0.93 Meso SA(X) = -0.0377X2 + 6.6838X + 3.5298 
850 0.97 Meso SA(X) = -0.0083X2 + 2.5537X + 58.959 
900 0.96 Meso SA(X) = 0.011X2 + 0.6283X + 96.624 
950 0.99 Meso SA(X) = 0.0418X2 - 1.9671X + 141.2 
Table 4.13 Polynomial correlations of the profiles of Total, Micro, and Meso SA (as 
determined by N2 adsorption) changes for the samples of Char 2 
Temperature, 
°C 
Total SA 
R2 Equation 
800 0.99 Total SA(X) = -0.044X2 + 7.0691X + 442.88 
850 0.89 Total SA(X) = -0.1409X2 + 13.977X + 352.43 
900 0.74 Total SA(X) = -0.0799X2 + 6.8393X + 438.58 
950 0.95 Total SA(X) = -0.068X2 + 8.567X + 232.51 
Temperature, 
°C 
Micro SA 
R2 Equation 
800 0.88 Micro SA(X) = 0.0247X2 - 3.2987X + 402.96 
850 0.82 Micro SA(X) = 0.0133X2 - 3.1318X + 373.83 
900 0.90 Micro SA(X) = -0.0967X2 + 4.3073X + 231.34 
950 0.91 Micro SA(X) = -0.2176X2 + 21.568X - 304.58 
Temperature, 
°C 
Meso SA 
R2 Equation 
800 0.97 Meso SA(X) = -0.0404X2 + 5.7912X+ 22.381 
850 0.95 Meso SA(X) = -0.0963X2 + 10.707X - 35.315 
900 0.60 Meso SA(X) = -0.1049X2 + 7.7128X+ 51.696 
950 0.93 Meso SA(X) = 0.1778X2 - 16.315X+ 498.98 
X mentioned in the correlation stands for the conversion degree (%). Found correlations will be applied later in order to describe 
surface-related gasification kinetic evaluation. 
The values of surface areas derived from CO2 adsorption were higher than those derived 
from N2 adsorption. However, such high values of surface area (greater than 1000 m2/g) 
derived from the DA method (see Appendix C.7) should not be considered as absolute 
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values but as ‘equivalent’ values. Nevertheless, values of DA-SA were considered as 
unrealistic and were excluded from the further data reduction procedure. In general, although 
the trend was not specifically clear, DR and DFT-surface areas assessed by CO2 adsorption 
were decreasing with higher degree of the char conversion (Fig. 4.26). This can be 
associated with the widening of the submicropores, so that some of them were inaccessible 
for CO2 adsorption at low relative pressure. Once again, values of SA of the samples gasified 
at lower temperatures were found to be generally higher than of the ones gasified at higher 
temperatures.  
 
Fig. 4.26 Profiles of the specific surface areas (DR-SA, DFT-SA) as a function of char 
conversion as determined by CO2 adsorption 
The difference in the values of the specific surface areas of two chars can be associated with 
the influence of the partial pressures of CO2 and CO during the reaction (210), (209). 
However, CO2-surface areas measured for both chars are closer to each other than N2-
surface areas. 
Specific surface areas: initial surface area of Char 1 
Turning again to the importance of the initial SA of Char 1 (after pyrolysis), Table 4.14 
demonstrates the values of the initial Total, Micro, and Meso SA as well as their values at the 
early conversion degrees at each gasification temperature. 
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Table 4.14 Values of the initial specific surface area and at the earliest stages of conversion 
of Char 1 
Temperature, °C 
Char conversion 
X, % 
Volume N2, 
adsorbed, 
cm3/g 
Total 
SA, 
m2/g, 
(dry) 
Micro 
SA, 
m2/g, 
(dry) 
Meso 
SA, 
m2/g, 
(dry) 
Initial char sample - 0.20 408 (L1) 342 27 
800 11 0.25 474 (L) 370 102 
850 13 0.27 336 (L) 158 101 
900 13 0.22 305 (L) 116 98 
950 7 0.31 293 (L) 88 128 
1-Langmuir method 
Total SA dropped at the early stages of conversion (except at 800 °C) in comparison to the 
initial value of Total SA. The drop was found to be in the range of factors of 1.2 and 1.5, 
depending on the gasification temperature. Chars gasified at lower temperature (850 °C) 
have generally smaller initial drop and in average larger Total SA than the chars gasified at 
higher temperatures (900 and 950 °C). Micro SA was also observed to drop at the earliest 
stages of the reaction (except of the 800 °C) in comparison to the initial Micro SA. This drop 
was again noticed to be temperature dependent, is more pronounced than in the case of 
Total SA and equal to 2 to 4 times. Meso SA was found to increase up to 4 times as 
compared to the initial char sample. The increase of Meso SA was found to be rather 
temperature independent. These initial changes in SA will be discussed in the next 
subsection with respect to the TT-history experiments. 
Char Time-Temperature history 
As it has been already pointed out, char microstructural changes during gasification could be 
caused not only by the reaction but also by the long-term heat treatment. Samples of Char 1 
were subjected to the heat treatment under the inert conditions in order to study their 
influence on the changes of Submicro SA, Micro SA, Meso SA, and Total SA (conditions are 
discussed in Chapter 3 –Table 3.5).  
According to the previously discussed findings, Meso SA (as determined by N2 adsorption, 
BJH) was noticed to increase as the reaction proceeded by a factor of eight to eleven 
(Appendix C.7 plus Fig. 4.25). Total SA (BET/Langmuir method) and Micro SA (t-plot 
method) were found to drop at the earliest stages of the reaction. As it has been suggested, 
this initial drop could be caused by the char heat treatment. Fig 4.27 demonstrates the 
influence of the heat treatment on Micro SA, Meso SA and Total SA (as measured by 
N2 adsorption): 
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Fig 4.27 Influence of the heat treatment of the char structure as determined by N2 adsorption 
Micro SA decreased by a factor of 2 to 4 due to the heat treatment during 30 min. Further 
heat treatment during 60 and 120 min did not influence Micro SA. The initial decrease in 
surface area exactly corresponded with the decrease of Micro SA detected during the 
gasification reaction at the earliest steps of conversion (Table 4.14). Furthermore, higher 
temperature eventuated in larger drop of Micro SA. 
Meso SA increased by a factor of 3 due to the heat treatment during the first 30 min. Further 
heat treatment did not reveal any clear influence on Meso SA. This suggests that the 
changes of Meso SA happened during the initial stages of the char conversion are a function 
of both heat treatment and gasification reaction itself. Generally, the influence of the heat 
treatment was found to be temperature independent for Meso SA, although in the case of 
Micro SA an obvious trend of temperature dependence was noticed. Noteworthy, further 
changes of Meso SA detected during the reaction can be expected to be caused purely by 
the reaction. 
Total SA development during the heat treatment was found to be similar to the one observed 
for Micro SA during the reaction. However, the drop of Total SA after the first 30 min of 
heating was not that pronounced as in the case of the drop detected during the reaction. This 
suggests that Total SA reflects the behavior of both Micro and Meso SA.  
The change of surface areas after the first 30 min of heating could be caused not only by the 
microstructure reordering due to the heat treatment but also by the yield of the volatile matter 
rests. The behavior of the drop in Total SA and Micro SA was different at 800 °C than at 
other investigated temperatures. As such, the explanation related to the yield of the volatile 
matter seemed reasonable, since chars have been prepared at maximum pyrolysis 
temperature of 800 °C. Thus, higher treatment temperatures (850, 900, and 950 °C) evoked 
further yield of the volatile matter rests. Anyway, initial changes of surface areas were not 
solely related to the gasification reaction. This finding will be taken into account while linking 
the gasification kinetics with the structure changes of the char. 
Heat treated samples were also analyzed by He pycnometry and Hg porosimetry. However, 
there was no clear tendency of the char thermal treatment on the structural properties 
determined by the Hg porosimetry analysis (Table 4.15). Porosity, pore volume as well as the 
porosity distribution among the pores of different size inconsiderably fluctuated with the 
increasing residence time. Hg porosimetry analysis represented the results on the base of 
macro and mesopores, although structural changes caused by the heat treatment can be 
beyond the pore range covered by Hg measurements. The values of true density, as 
determined by He pycnometry, were found to slightly increase with the increasing time and 
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temperature of heat treatment. As it has been shown elsewhere (188), a true density was 
directly related to crystallite alignment and structural order. It is thought, that after longer heat 
treatment (120 min) some structural rearrangement (reordering) may take place. 
Table 4.15 Influence of the heat treatment (temperature and residence time) on the char 
structural properties as determined by He pycnometry and Hg porosimetry 
Samples 
Char 1 
True density, 
g/cm3 
Apparent 
density, 
g/cm3 
Porosity, % 
Macro 
pores, % 
Meso 
pores, 
% 
Micro 
pores, % 
800-30min* 2.04 1.02 50.1 59.46 3.07 37.47 
800-60min 2.08 1.00 51.8 59.24 3.17 37.59 
800-120min 2.08 0.99 52.5 58.37 3.72 37.91 
850-30min 2.18 1.02 53.01 61.67 2.59 35.74 
850-60min 2.17 1.05 51.5 60.23 3.21 35.56 
850-120min 2.13 0.98 53.7 56.14 3.61 40.25 
900-30min 2.18 1.03 52.9 57.35 2.67 39.98 
900-60min 2.18 1.03 52.9 56.83 2.46 40.71 
900-120min 2.16 0.99 54.2 52.92 3.32 43.76 
950-30min 2.13 1.00 53.3 53.5 2.95 43.54 
950-60min 2.14 1.00 53.3 56.96 3.12 39.92 
950-120min 2.14 1.00 53.5 53.52 2.67 43.81 
* 800-30min – a sample was heated up to 800 °C and kept at the temperature for 30 min. 
Additionally, treated chars were also analyzed by means of the CO2 adsorption technique. 
The profiles of DR-SA and DFT-SA are shown in Fig. 4.28. 
 
Fig. 4.28 Influence of the heat treatment on the char structure as evaluated by 
CO2 adsorption 
Both DR-SA and DFT-SA revealed a drop at the initial 30 min heating similarly to the Micro 
SA and Total SA (as determined by N2 adsorption). DR-SA as well as DFT-SA values 
decreased by a factor of two in comparison to these values of the initial char. Again, the drop 
at 800 °C was different than in the case of higher temperatures. This can be also caused by 
the yield of the rests of the volatile matter. 
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Along with the microstructural changes, heat treatment can cause a particle fracture, which is 
particularly typical for the fluidized bed conditions. First observation is that, approximately 
10 % of the initially fed char sample (10 g) was carried away during the heat treatment under 
fluidization conditions. Particle size increases after 30 min of heating indicating that coal fines 
were entrapped by the fluidization. Then particle size remained relatively constant during 
further heat treatment at all studied temperatures (Fig. 4.29). This observation is consistent 
with the findings elsewhere: secondary fragmentation (caused by particles collisions) was 
found less influenced by the operational temperature, at least for higher rank coals (213).  
 
Fig. 4.29 Change in particle size during the heat treatment 
These observations infer that although there was unlike significant char particle fracture; 
however, some attrition of the char particles could happen. 
As a result of this section, one can say that the char surface area changes are not only a 
matter of the chemical reaction between solid char and CO2, but also a function of TT-history 
at least at the early conversion stages. It is difficult to distinguish between structural changes 
separately happened due to the reaction itself and due to the char long-term heat treatment. 
Nevertheless, it has to be taken into account while linking the gasification reaction rate with 
the structural changes happened during the reaction. 
Particle size analysis 
The initial average diameter of particles and their sphericity were evaluated by Camsizer and 
are shown in Table. 4.16 Slightly smaller diameter of the particles of Char 1 can be explained 
by the elongated form of some of the particles. Since particle size distribution was performed 
based on the measurements of the minimum diameter (xmin), elongated particles were 
evaluated by their minimal size. The value of sphericity of the particles of Char 1 is also 
slightly smaller than this of Char 2. 
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Table 4.16 Char particle size and sphericity of the initial (after pyrolysis) samples of Char 1 
and Char 2 
Sample x50 (Q3), µm Sphericity,- Remarks 
Char 1 (200-315 µm) 237 0.82 
Some of the particles 
are of elongated shape 
Char 2 (200-315 µm) 263 0.85 - 
Particle size distribution (Q3 – cumulative distribution, volume base) at different conversion 
degrees for both Char 1 and Char 2 is shown in Fig. 4.30 and Fig. 4.31. 
 
Fig. 4.30 Particle size distribution of the samples of Char 1 at different conversion degrees 
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Fig. 4.31 Particle size distribution of the samples of Char 2 gasified at different conversion 
degrees3 
There is no significant change of the particle size observed in the case of both Char 1 and 
Char 2 up to 50 – 60 % of char conversion. As it has been previously discussed, char 
porosity increased as reaction proceeded. At the char conversion degrees of 50-60 %, 
particle porosity was found in a range of 60-70 % (Fig. 4.14) for both Char 1 and Char 2. As 
porosity increased, the walls of the pores were expected to become thinner with the 
inclination to fracture. From 50-60 % of conversion onwards, the walls of pores became too 
thin and it could lead to the particle fracture. Particles gradually decreased in size until 
nothing but ash was left. The same tendency was observed for all four studied temperatures. 
Similar findings were also stated elsewhere that the char particle size remained constant and 
then decreases after 50 % of carbon conversion. (214). 
                                               
3 The profiles of char particle distribution derived for the samples of Char 2 have some uncertainty 
(e.g. at 800 °C) and particle size distribution is shifted to the direction of the bigger particle size. As it is 
seen from a profile at 800 °C, particle size does not decrease in size at the latest conversion degree 
but rather increases which is considered as unrealistic. This observation can be explained by that the 
sample was contaminated by pieces of the crumbled quartz glass grid. The pieces of the glass grid 
were slightly larger than those of the sample itself. Thus, particle size distribution has been shifted to 
the bigger particle sizes. Nevertheless, the trend in particle size change during the reaction is 
preserved and similar to the one for the samples of Char 1. 
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Morphology changes (SEM) 
Char physical structure morphological changes during gasification are demonstrated on the 
images made by the SEM. As an example, in Fig.4.32-4.36 the images of samples of Char 1 
and Char 2 gasified at 900 °C at different conversion degrees are shown at different levels of 
magnification. As it has been already discussed, SEM provides a qualitative analysis of the 
char structure and morphology. 
Morphology of the samples during the gasification 
Fig. 4.32 demonstrates the images of the initial samples (pyrolyzed) of two chars. 
Char 1 x250 Char 2 x250 
  
Char 1 x1000 Char 2 x1000 
  
Fig. 4.32 Images of the initial samples of Char 1 and Char 2 at magnifications of x250 and 
x1000 
As it is seen, initial samples of both chars have similar compact texture without any obvious 
cracks. Some particles of Char 1 were found of the elongated shape.  
Fig. 4.33 demonstrates the morphology of the structure during the first stages of gasification 
(after 13 and 11 % of char conversion of Char 1 and Char 2, respectively). 
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Char 1 13 % 
x 250 
Char 2 11 % 
x 250 
  
x 1000 x 1000 
  
Fig. 4.33 Images of the samples of Char 1 and Char 2 at early conversion degrees at 
magnifications of x250 and x1000 
At the early stages of conversion some openings were noticed on the surface of the samples. 
Hypothetically, these openings can be associated with the yield of the rests of the volatile 
matter. This phenomenon has been mentioned in the previous section describing the 
influence of time-temperature history on the char structure. The images shown in Fig. 4.33 
can confirm the hypothesis that char structural changes during the early stages of conversion 
can be associated with the yield of the volatile matter rests. 
Fig. 4.34 demonstrates the comparison of two chars gasified up to 30 % of conversion 
degree. 
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Char 1 31 % 
x 250 
Char 2 30 % 
x 250 
  
x 1000 x 1000 
  
Fig. 4.34 Images of the samples of Char 1 and Char 2 at the medium conversion degrees 
(X=30 %) at magnifications of x250 and x1000 
Obvious cracks were noticed on the surface of the samples of both Char 1 and Char 2 
gasified up to 30 %. Also certain ash constituents are more recognizable within the carbon 
matrix.  
Last set of images (Fig. 4.35) demonstrates the samples at the latest investigated conversion 
degrees (78 % for Char 1 and 66 % for Char 2). 
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Char 1 78 % 
x 250 
Char 2 66 % 
x 250 
  
x 1000 x 1000 
  
Fig. 4.35 Images of the samples of Char 1 and Char 2 at the later conversion degrees at 
magnifications of x250 and x1000 
Particles look converted to a greater extent and partially covered by ash. However, some 
particles look more converted than the others.  
Attrition of char particles 
Fig. 4.36 demonstrates an obvious change of particles in size at the latest investigated 
conversion degrees.  
Char 1 78 % Char 2 66 % 
x 100 x 100 
  
Fig. 4.36 SEM images of Char 1 and Char 2 at 78 % and 66 % of conversion, respectively 
The arrows in Fig. 4.36 point to the small pieces of chars which broke away from the main 
body of the particle. It is especially noticed in the case of Char 1, because of the higher 
investigated conversion degree (X=78 %). This observation confirms the results of the 
particle size distribution analysis discussed in a previous section: the particles tend to 
decrease in size at the later stages of conversion.  
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4.2.3 Comparison of structural properties determined by different techniques 
Different measurement techniques aim to evaluate the same structural properties of the char. 
However, physical background of the techniques and interpretation methods essentially differ 
from one another. Several studies compared the absolute values of the specific surface 
areas determined by different methods (e.g. (99), (128), (126)). However, absolute values of 
surface areas are not necessarily similar and should not be considered as ‘true’ values. The 
DR method and the Langmuir have been compared for various adsorbates on many carbons 
(215). As it has been found, these two methods do not obviously agree with each other. 
However, it has been shown elsewhere that the DR method is comparable with the BET 
method (216). 
This subsection compares both absolute values and relative trends of the change of 
Submicro SA, Micro SA and Meso SA derived by N2 and CO2 adsorption for the samples of 
two partially gasified chars. Furthermore, the results of gas adsorption are compared with the 
results of the Hg porosimetry analysis. 
Micro SA: N2 adsorption (t-plot) vs. CO2 adsorption (DR) 
N2 is one of the most widely used adsorbate to characterize coals and chars. At this point, it 
could be useful to investigate whether the structural properties as determined by N2 and 
CO2 adsorption and interpreted by different methods are comparable to one another. 
The t-plot method was used to evaluate the Micro SA from the N2 adsorption isotherm. The t-
plot surface areas were compared with the DR surface areas derived from the CO2 
adsorption isotherms for Char 1 and Char 2 (Fig. 4.37 and Fig. 4.38). 
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Fig. 4.37 Comparison between profiles of Micro SA of Char  1 derived by N2 and CO2 
adsorption techniques (t-plot method vs. DR) 
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Fig. 4.38 Comparison between profiles of Micro SA of Char  2 derived by N2 and CO2 
adsorption techniques (t-plot method vs. DR) 
First general observation is that the absolute values of CO2 specific surface areas were 
always higher than those of N2 specific surface areas by approximately factor of two for both 
samples of Char 1 and Char 2. This is consistent with the literature results (126), (99), (217). 
Despite many concerns raised in the literature on the different adsorption mechanism of N2 
and CO2, similar qualitative trends of micropore surface areas changes determined by two 
different methods were revealed. The t-plot method assumes micropores to be filled by the 
monolayer of the gas of the statistical thickness t. The DR method assumes micropores to be 
filled by volume and evaluate the adsorption at much lower relative pressures than the t-plot 
method. Similar trends in surface areas’ changes indicated that even different theoretical 
approaches may eventuate in similar results. Noteworthy, the difference between the CO2-SA 
and N2-SA remained rather constant as the reaction proceeded in the most of the observed 
cases. This indicated that even with the reaction progress there was always a part of 
micropores which were not accessible for N2 adsorption measurements. According to the 
findings, one can say that submicropores (as determined by CO2 adsorption) are the part of 
micropores which are determined by N2 adsorption. Those pores can be only partially filled 
by N2; however, CO2 may assess the narrowest parts of them, where N2 cannot properly 
diffuse in. 
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Micro SA: DFT vs. DR 
The DFT surface areas (CO2 adsorption) revealed no clear agreement with any methods 
used to interpret N2 adsorption isotherms. However, the trends of changes of DFT surface 
areas agreed rather well with the trends of DR surface areas (CO2 adsorption) of some 
samples of Char 1 and Char 2 (Fig. 4.39). 
 
Fig. 4.39 Comparison between profiles of Micro SA as determined by CO 2 adsorption DFT 
and DR methods for the samples of Char 1 (800 and 850 °C) and Char 2 (900 and 950 °C) 
The values of DFT surface area were generally higher than those of DR surface area. 
Despite the fact that DFT method did not reveal any clear agreement with other methods 
used to interpret adsorption isotherms, it is a valuable tool which can uniquely provide 
information on surface energy distribution of the char surface. Such property as surface 
energy may be considered as another source of information about char structure topology 
and heterogeneity. However, this is beyond the scope of this thesis. 
Physical gas adsorption vs. Hg porosimetry 
Two main techniques to characterize coal/char physical structure are Hg porosimetry and 
gas adsorption were applied in this study. They should not be expected to yield the same 
results, since different approaches stand behind. Adsorbate gas fills at first the smallest 
pores of microscale, while mercury first fills the largest pores. As such, it is suggested that 
Hg porosimetry technique cannot properly evaluate the microporosity. In turn, macropores 
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Fig. 4.41 Profiles of porosity distribution estimated via the results of N 2 adsorption for Char 1 
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Fig. 4.42 Profiles of porosity distribution estimated via the results of N 2 adsorption for Char 2 
Interestingly, in the case of both chars the share of micropores determined by 
Hg porosimetry and N2 adsorption techniques were comparable (31 % vs. 36 % for Char 1 
and 43 % vs. 44 % for Char 2, respectively). Although mercury porosimetry did not directly 
evaluate the micropores, it was still comparable with the results of N2 adsorption (relative 
trends). The sums of shares of macro and mesopores were comparable between 
Hg porosimetry analysis results and N2 adsorption. However, the distribution among meso 
and macropores was totally different. In the case of Char 1 the share of macropores 
amounted to 50 % as determined by mercury porosimetry analysis and was 21 % as 
determined by N2 adsorption. In the case of Char 2, the shares of macropores were 40 % 
against 26 % determined by mercury porosimetry and N2 adsorption, respectively. 
Mesopores shares for Char 1 and Char 2 as determined by mercury and N2 were 19 % 
against 43 % and 17 % against 29 %. The findings suggest that some pores that considered 
as macropores by Hg porosimetry analysis are considered as mesopores by N2 adsorption 
technique. This confirms the weak point of mercury porosimetry to evaluate only the largest 
entrance of the pore, neglecting possibly narrower body of the pore. 
Relative trends of both analytical techniques (Hg porosimetry and N2 adsorption) are rather 
comparable. However, absolute values reveal different results. According to the 
Hg porosimetry, absolute volumes (cm3/g) of micropores remained rather constant with the 
tendency to decrease at the later stages of the reaction (Fig. 4.16 and Fig. 4.18). According 
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to the N2 adsorption, Micro SA rather decreases as the reaction proceeded (Fig. 4.25). Most 
probably, Hg porosimetry technique cannot detect structural changes occurring within the 
range of pores of microscale.  
4.2.4 Comparison of the models assumptions and experimental observations 
As it has been previously discussed, kinetic models used for the evaluation and prediction of 
the gasification reaction rates are based on the assumptions concerning char structural 
changes during char conversion. This subsection demonstrates the comparison between the 
assumptions and experimental observations.  
Structural analysis of both char samples showed that porosity and density (true and 
apparent, respectively) of the char gradually changed as the reaction proceeded. The true 
density linearly increased, while the apparent density decreased with the char conversion. 
The porosity and absolute pore volume were found to linearly increase. Similar behavior was 
detected for both samples of Char 1 and Char 2. Mathematical interpretations of the linear 
change of the structural properties are shown in Table 4.17.  
Continuous changes of densities, porosity and pore volume are considered by the 
assumptions of RPM and the VM, although the character of changes is not specified. These 
two models assume that the changing density leads to the particle diameter remained 
constant within the entire gasification run. According to the experimental observations, 
particle size can be considered to remain constant up to 50 – 60 % of the char conversion. 
Later on, particles were noticed to decrease in size, probably due to their fracture. Small 
pieces of chars are seen on the SEM images at 50 % and higher of the char conversion 
(Fig. 4.36).  
The SCM assumes char porosity to remain constant during the reaction, while particle size is 
gradually decreasing. Consequently, char particle fracture in the end of the gasification 
reaction was not taken into account by the models. None of the models was able to exactly 
reflect the real behavior of the char particle size change. Comparative Table 4.17 shown 
below briefly summarizes assumptions of the models and experimental observations. 
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Table 4.17 Comparison between the assumptions of the kinetic models and experimental 
observations 
Properties 
RPM 
assumptions 
VM 
assumptions 
SCM 
assumptions 
Char 1 
observations 
Char 2 
observations 
Rov, 1/min 
Smoothly 
decreasing rr* 
with or without 
maximum 
peak 
Monotonically 
decreasing 
Monotonically 
decreasing 
Smoothly 
decreasing rr 
with no clearly 
pronounced 
maximum peak 
Smoothly 
decreasing rr 
with no clearly 
pronounced 
maximum peak 
Particle size, 
µm 
Constant up to 
the end of the 
reaction 
Constant up to 
the end of the 
reaction 
Gradual 
decrease in 
size 
Insignificant 
decrease up to 
50-60 % 
Insignificant 
decrease up to 
50-60 % 
True density, 
g/cm3 
Continuous 
change 
Continuous 
change 
Constant 
𝝆𝐭𝐫𝐮𝐞
= 𝟎. 𝟎𝟎𝟓𝟒𝑿 + 𝝆𝐭𝐫𝐮𝐞,𝟎 
𝝆𝐭𝐫𝐮𝐞
= 𝟎. 𝟎𝟎𝟑𝟒𝑿 + 𝝆𝐭𝐫𝐮𝐞,𝟎 
Apparent 
density, g/cm3 
Continuous 
change 
Continuous 
change 
Constant 𝝆𝐚𝐩𝐩 = 𝟎. 𝟎𝟎𝟔𝟗𝑿 + 𝝆𝐚𝐩𝐩,𝟎 
𝝆𝐚𝐩𝐩
= 𝟎. 𝟎𝟎𝟖𝟑𝑿 + 𝝆𝐚𝐩𝐩,𝟎 
Porosity, % 
Continuous 
change 
Continuous 
change 
Constant 𝜺 = 𝟎. 𝟖𝟗𝑿 + 𝜺𝟎 𝜺 = 𝟎. 𝟑𝟎𝑿 + 𝜺𝟎 
Pore volume, 
cm3/g 
Continuous 
change 
Continuous 
change 
Constant 𝑽 = 𝟎. 𝟎𝟏 𝑿 + 𝑽𝟎 𝑽 = 𝟎. 𝟎𝟏 𝑿 +  𝑽𝟎 
*rr – reaction rate 
To sum up, the comparison of the models’ assumptions and the experimental observations 
yielded that the RPM better represented the real structural changes than the VM and SCM. 
This finding can justify the wide application of the RPM among the experimental and 
modeling studies. Furthermore, the RPM is the only of the studied models which describes 
and is able to predict the behavior of the char surface area during the reaction by introducing 
structural parameter 𝜓, which can directly represent structural changes. Many modeling 
studies used 𝜓 as a fitting parameter. As it was found in this study, 𝜓 derived by different 
methods are still comparable to one another.  
4.2.5 Subchapter summary 
In order to investigate the changes of char structural properties during the gasification, 
samples of Char 1 prepared from Lusatian brown coal and Char 2 – from Rhenish brown coal 
– were partially gasified up to various conversion degrees, which are comparable with the 
complete gasification curves. After partial gasification the samples were subjected to the 
extensive structural analysis. The following general trends can be revealed: 
 Coal 1 was found to be more porous than Coal 2. After pyrolysis the difference in structures 
of two chars preserved: Char 1 was more porous than Char 2; 
 True densities linearly increased and apparent densities linearly decreased in case of both 
chars, following the correlations: 
ρtrue,Char 1 = 0.0054 X + ρtrue,0 
ρtrue,Char 2 = 0.0034 X + ρtrue,0 
ρapp,Char 1 = 0.0069 X + ρapp,0 
ρapp,Char 2 = 0.0083 X + ρapp,0 
 Porosity and pore volume linearly increased during char conversion, following the 
correlations: 
εChar 1 = 0.89 X + ε0 
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εChar 2 = 0.30 X + ε0 
VChar 1 = 0.01 X +  V0 
VChar 2 = 0.01 X +  V0 
 Increase of the share of mesopores as the reaction proceeded and decrease of the share of 
micropores was noticed. These changes were less pronounced in the case of Char 2; 
 The absolute volume of micropores initially increases and then remains constant with the 
tendency to decrease at the later stages of the reaction, while the absolute volume of 
mesopores rather increases; 
 N2 adsorption isotherms belonged to the combination of Types I and IV in the case of both 
samples of Char 1 and Char 2; as the reaction proceeded, adsorption isotherms of Type I 
transformed into the Type IV; 
 The volume of the adsorbed N2 increased with the increase of conversion degree (similar 
N2 volume was adsorbed on the samples of Char 1 and Char 2); 
 CO2 adsorption isotherms did not reveal any clear trend with carbon conversion; however, 
volume of adsorbed CO2 was noticed to slightly decrease with the increase of conversion 
degree; 
 Micro SA decreased as the reaction proceeded for both Char 1 and Char 2; 
 Meso SA increased in the case of the most of the samples of Char 1 and Char 2; 
 DR and DFT-SA were found to slightly decrease with char conversion. 
All the discussed above trends were found to be independent of the gasification temperature. 
However, gasification temperature had an influence on the absolute values of the specific 
surface areas. Higher values of specific surface areas were noticed at the lower gasification 
temperatures. In order to investigate the influence of char time-temperature history on the 
char structural changes, samples of Char 1 were heated under inert conditions and then 
analyzed on their structural properties: 
 Submicro SA (DR and DFT SA), Micro SA as well as Total SA dropped after the first 30 min 
of heat treatment at the target temperature. The drop depended on the treatment 
temperature; 
 Meso SA increased during the first 30 min of heat treatment; 
 Further heat treatment (after 30 min) did not reveal any clear influence on the investigated 
SA; 
 The structural changes of the char at early stages of char conversion were not solely 
related to the gasification reaction but also to the structural reordering because of the yield 
of the volatile matter rests (and/or because of the switching from the inert atmosphere to the 
reactive). 
The changes of char particle size and char morphology were also investigated by means of 
Camsizer-XT and SEM: 
 There was no significant change of the particle size noticed up to conversion degrees of 50-
60 % of the samples of both Char 1 and Char 2; 
 From 50-60 % of conversion onwards, the walls of the pores became thinner (due to char 
consumption), and particle showed a tendency to decrease in size. 
Based on the SEM analysis: 
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 The initial char sample represented rather compact texture; 
 The SEM images of the samples at the early conversion degrees demonstrated the traces 
of the yield of the volatile matter (hypothetically); 
 The SEM images of the samples at the latest conversion degrees demonstrated the fracture 
of the particles into the small pieces; 
 The latter two observations are consistent with the discussions of the results of TT-history 
experiments and particle size distribution. 
The same structural properties determined by different methods were compared to one 
another: 
 SA determined by CO2 adsorption were always larger than those by N2 adsorption; 
 Trends of Micro SA as determined by N2 adsorption (t-plot method) and by CO2 adsorption 
(DR method) were comparable to one another although absolute values differed; 
 Trends of DFT-SA were not comparable to any trend measured by N2 adsorption and 
comparable to the trends of DR-SA of some samples of Char 1 and Char 2.  
 Some pores which considered by Hg porosimetry analysis as macropores were considered 
by N2 adsorption analysis as mesopores.  
 Generally, Hg porosimetry results were rather comparable to the N2 adsorption results (as 
relative trends). 
Experimental observations on the structural changes were compared to the assumptions of 
the kinetic models: 
 The RPM most reasonably reflected observed structural changes in comparison to the VM 
and SCM; 
 None of the models was able to describe the real behavior of the char particle size 
changes. 
Structural changes of both chars revealed similar relative trends; however, the absolute 
values differ.  
4.3  Kinetics vs. structural changes 
4.3.1 Introduction 
So far the results of this study have shown, that under the given gasification conditions chars 
from two brown coals were noticed to consistently change in their physical structure as the 
gasification proceeded. The general trends of structure changes of two chars are similar to 
one another, although the absolute values differ. This subchapter aims to introduce the 
correlation between the gasification kinetics of the chars and specifics of their structural 
changes during gasification. 
As it has been discussed in the literature review presented in this thesis in Chapter 2, char 
structural changes (to be more precise – specific surface areas changes) cannot be expected 
to be directly correlated to the changes of the gasification reaction rate. In this study specific 
surface areas of two chars measured by two adsorbates (N2 and CO2) and determined by 
different methods were correlated to the instantaneous gasification reaction rate at the 
corresponding degrees. 
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4.3.2 Normalized reaction rate 
Conventional approach to investigate the influence of the char pore structure on char 
gasification behavior is to normalize instantaneous reaction rate (g/g min) (Eq. 4.6) to the 
measured specific surface areas at a corresponding reaction degree. The obtained ratios are 
defined as normalized reaction rates (Eq. 4.7). They are expressed as gram (g) of char 
converted per unit time (min) per unit char specific surface area (m2). 
Rinst(X) =
1
1−X
(
dX
dt
)         (Eq. 4.6) 
Rnorm =
Rinst(X)
S(X)
          (Eq. 4.7) 
By the normalization one can exclude the influence of the specific surface on the char 
conversion rate. As such, normalized reaction rates demonstrate a surface-related reaction 
rate, which is a function of the char inherent properties only (in the absence of the diffusional 
limitations and catalytic activity (or at least catalytic activity of ash constituents is constant 
during the reaction (92))). Under such conditions a normalized reaction rate is considered as 
an intrinsic reaction rate and is expected to remain constant during the gasification course, 
while all the variations assumed to be accommodated within the specific surface area 
changes. If this is the case, then the value of specific surface area is assumed to be 
proportional to a number of active sites where the reaction is supposed to happen. Generally 
speaking, the linear correlation is expected between the instantaneous reaction rate and the 
specific surface area. 
In this study instantaneous reaction rates of both Char 1 and Char 2 were normalized to the 
surface areas measured by different methods. It is still a question to research whether the 
surface area measured by conventional methods (physical adsorption) proportional to the 
amount of active sites where the reaction is supposed to happen. These surface areas which 
are linearly correlated to the instantaneous reaction rates of both chars are considered to 
govern the gasification reaction rate. 
Total range of conversion (X) 
Fig. 4.43 and Fig. 4.44 demonstrate the profiles of the reaction rate normalized to the specific 
surface areas measured by N2 adsorption as a function of carbon conversion for Char 1 and 
Char 2, respectively. 
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Fig. 4.43 Instantaneous reaction rates of Char 1 normalized to the specific surface areas 
determined by N2 adsorption 
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Fig. 4.44 Instantaneous reaction rates of Char 2 normalized to the specific surface areas 
determined by N2 adsorption 
In the case of Char 1, normalized reaction rates revealed rather constant trends when 
normalized to Total SA and Meso SA. Red lines represent the constant trends for Total SA 
(solid line) and for Meso SA (dashed line). However, some unclear trends of normalized 
reaction rates were found for 850 °C at the latest stages of the reaction (X=92 %). At such 
high conversion degree char particles were noticed to decrease in size and fracture (due to 
the attrition of the particles) (Fig 4.30 and Fig. 4.36), probably exposing previously concealed 
catalytically active sites which might intensify the reaction.  
Although the reaction rates normalized to Total SA and Meso SA were noticed to remain 
rather constant during the gasification course, there was a slight ascending tendency 
observed irrespective of the gasification temperature. The ascending tendency of the 
normalized reaction rates could be explained by the enhancing catalytic activity of the ash 
constituents as the reaction proceeded. Ash content increased with regard to the carbon as 
the reaction proceeds; hence, stronger catalytic effect could be observed which, in turn, 
enhanced the reaction rate.  
Normalized reaction rates of Char 2 revealed less clear trends according to the definition in 
comparison to Char 1. Some uncertainty was noticed of the reaction rates normalized to 
Meso SA at early char conversion degrees at 800 °C and 850 °C. However, the reaction 
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rates normalized to Total SA were found to remain rather constant, although with the similar 
ascending tendency at the later stages of the reaction as in the case of Char 1.  
The reaction rates of both chars normalized to Micro SA revealed the most inadequate trend 
with respect to the definition of the normalized reaction rate to remain constant during the 
gasification course. The reaction rates normalized to Micro SA demonstrated a drastic 
increase at the later stages of the reaction. This increase was especially pronounced in the 
case of Char 2 gasified at 900 and 950 °C. This observation could be explained by one of the 
opposing each other theories: 
1 Micropores do not completely (or not at all) participate in the gasification or 
2 Most of the catalytically active sites are concentrated on the surface of the Micro SA. 
The first explanation is consistent with the findings of the other studies considering the 
reaction taking place outside of the micropore surface area (172), (81). Moreover, this theory 
is confirmed by the finding that micropores were not found to change significantly in size 
(Appendix C.9). 
The second theory represents an opposite approach that the reaction takes place on the 
Micro SA but the most of catalytically active centers are concentrated within the Micro SA. As 
such, catalytic activity is not constant during the reaction since Micro SA is consumed during 
the reaction, exposing more active sites. This could explain such a sharp increase of the 
reaction rate normalized to Micro SA especially at the later stages of conversion. This sharp 
increase is especially noticeable in the case of Char 2 gasified at higher temperatures (900 
and 950 °C). The finding suggested that Micro SA itself could not govern the reaction. In 
order to look deeper inside of the behavior of micropores during the gasification, reaction 
rates of two chars were normalized to the SA of submicropores measured by CO2 adsorption 
analysis (Fig. 4.45 and Fig. 4.46). 
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Fig. 4.45 Instantaneous reaction rates of Char 1 normalized to specific surface areas 
determined by CO2 adsorption 
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Fig. 4.46 Instantaneous reaction rates of Char 2 normalized to specific surface areas 
determined by CO2 adsorption 
Normalized reaction rates of both chars revealed even more pronounced ascending 
tendency, especially at the latest stages of reaction. Such behavior of the normalized 
reaction rate contradicted the definition of the reaction rate to remain constant as the reaction 
proceeded. Finally, Micro SA as well as Submicro SA cannot be considered to govern the 
gasification reaction rate of both Char 1 and Char 2 under the given conditions. 
Based on the relative root-mean-square error (rRMSE) analysis the following trends were 
revealed. In the case of Char 1 the deviation of the reaction rate normalized to Meso SA from 
the average constant trend (as depicted by red dashed line in Fig. 4.43, 4.44, 4.45, and 4.46) 
was smaller than the same deviation in the case of Char 2 almost at each studied 
temperature (Table 4.18).  
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Table 4.18 rRMSD between the normalized reaction rates and the constant trends  
Temperature, °C 
Char 1 Char 2 
rRMSE Meso SA5, 
% 
rRMSE Total SA6, 
% 
rRMSE Meso SA, 
% 
rRMSE Total SA, 
% 
800 19.3 35.1 34.0 24.2 
850 25.4 76.7 49.1 34.0 
900 15.3 33.2 80.8 54.4 
950 20.1 27.3 11.4 44.2 
In the case of the comparison of the reaction rates normalized to the Total SA and constant 
trends, deviations were in average similar for the samples of Char 1 and Char 2.  
As it has been mentioned before, the value of the specific surface area is assumed to be 
proportional to a number of active sites where the reaction is supposed to happen. To put it 
differently, linear correlation is expected between the values of the specific surface areas and 
the reaction rates. In order to check the linear correlation for the samples of Char 1 and 
Char 2, the plots are shown below (Fig. 4.47 and Fig. 4.48). Noteworthy, specific surface 
area of 0 m2/g implied the absence of the active sites and, consequently, no reaction; as 
such, the linear correlation was put through the point (0;0) in plots.  
                                               
5 RMSE Meso SA – Root mean square error between the instantaneous reaction rates normalized to Meso SA 
and a constant trend of normalized reaction rate (according to the definition). 
6 RMSE Total SA – Root mean square error between the instantaneous reaction rates normalized to Total SA and 
a constant trend of normalized reaction rate (according to the definition). 
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Fig. 4.47 Linear correlation between the instantaneous reaction rates of Char  1 and specific 
surface areas determined by N2 adsorption 
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Fig. 4.48 Linear correlation between the instantaneous reaction rates of Char 2 and specific 
surface areas as determined by N2 adsorption 
Active sites were assumed to be uniformly distributed over the surface. The separate points 
in the plots represented the experimentally derived correlation between the reaction rate and 
the specific surface areas of pores of different sizes (Micro, Meso, and Total). Solid and 
dashed lines represented the linear correlations between the reaction rate and the surface 
areas of the certain pore size. Each linearly correlated relation was evaluated by means of 
the determination (correlation) factor (R2). Table 4.19 demonstrates determination factors for 
the linear correlations for both Char 1 and Char 2.  
Table 4.19 Determination factors for the linear correlations between the  instantaneous 
reaction rates and specific surface areas 
Temperature, °C 
R2 (Total SA) R2 (Micro SA) R2 (Meso SA) 
Char 1 Char 2 Char 1 Char 2 Char 1 Char 2 
800 0.55 0.75 -0.85 0.17 0.78 0.76 
850 0.77 0.6 0.40 -0.08 0.97 0.68 
900 0.66 0.47 0.30 -0.32 0.92 0.27 
950 0.74 0.52 0.63 -0.76 0.86 0.98 
As it is seen from Fig. 4.47 and Table 4.19, in the case of Char 1 the closest linear 
relationship was achieved between the reaction rate and Meso SA with the determination 
factor (R2) of 0.78 to 0.97. There was no obvious correlation noticed between the value of R2 
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and gasification temperature. According to the previous discussions, Meso SA was rather 
increasing during the gasification reaction in the case of both Char 1 and Char 2. However, in 
the case of Char 2 (Fig. 4.48 and Table 4.19), there was weaker linear correlation observed 
between the instantaneous reaction rate and Meso SA (R2 of 0.27 to 0.98). This difference in 
linear correlations between the samples of Char 1 and Char 2 can be related to the different 
catalytic activity of the ash constituents or to the different CO2 concentration during 
gasification. This could cause some uncertainty to the linear correlation of the profiles of 
Char 2 and, as a result, lower R2. 
The linear correlation between the instantaneous reaction rate and Total SA revealed the 
average determination factor of 0.68 and 0.58 for Char 1 and Char 2, respectively. Since 
Total SA is affected by both Micro SA and Meso SA, it yielded weaker linear correlation with 
the instantaneous reaction rate. There was no reasonable linear correlation noticed between 
the reaction rate and Micro SA, revealing in some cases negative R2. Negative R2 is caused 
by that the correlation was intentionally put through the starting point (0;0) and it means that 
the chosen correlation poorly fits the data. Weak linear correlation was also observed 
between the reaction rates and the surface areas measured by CO2 adsorption (Fig. 4.49 
and Fig. 4.50): 
 
Fig. 4.49 Linear correlation between the instantaneous reaction rates of Char  1 and specific 
surface areas as determined by CO2 adsorption 
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Fig. 4.50 Linear correlation between the instantaneous reaction rates of Char  2 and specific 
surface areas as determined by CO2 adsorption 
Generally, Micro SA and Submicro SA, as determined by N2 and CO2 adsorption, 
respectively, revealed similar trends as used as a normalization parameter. This again 
indicated that Micro SA and Submicro SA could be considered as comparable, although 
measured by different methods. 
Influence of early and later conversion steps (X): medium range of conversion (X) 
As it has been discussed in previous subchapters, the changes of specific surface area could 
be caused not by the reaction but also by some other processes. The initial stages of 
gasification were found to be influenced by the heat-treatment of the char and due to the 
possible opening of the initially closed porosity (81), (174). Later stages of gasification were 
found to be affected by changing char particle size, due to its attrition and fracture and, as a 
result, exposing previously concealed ash constituents, which may influence the reaction 
rate. As such, early as well as later stages of the conversion were excluded from the 
evaluation in this subsection. The instantaneous reaction rates were normalized to the SA at 
the conversion degrees between approx. 20 and 50 % for both Char 1 and Char 2 (Fig. 4.51 
and Fig. 4.52). 
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Fig. 4.51 Instantaneous reaction rates of Char 1 normalized to specific surface areas 
determined by N2 adsorption at the medium range of char conversion 
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Fig. 4.52 Instantaneous reaction rates of Char 2 normalized to specific surface areas 
determined by N2 adsorption at the medium range of char conversion 
As it is seen in Fig. 4.51 and 4.52, the reaction rates normalized to the surface areas at the 
medium conversion degrees remained rather constant. Moreover, even the reaction rate 
normalized to Micro SA revealed the trend which was closer to constant than in the case of 
the total range of X. This observation can confirm the statement that in the beginning and in 
the end of the gasification reaction, the specific surface area changes are not solely 
influenced by the reaction itself, but due to some other processes. As such, there is weaker 
correlation between the reaction rate and specific surface area at the earlier and later stages 
of char conversion. 
Although the reaction rate normalized to the specific surface areas as determined by 
CO2 adsorption at the medium conversion degrees still did not reveal obviously constant 
trend, this trend is more constant than in the case of the total range of X. The examples are 
shown in Fig. 4.53 for the samples of Char 1 and Char 2. The tendency is similar at all 
investigated temperatures. This observation is similar with the trend of Micro SA (as 
determined by N2 adsorption, t-plot method) at the medium conversion degrees. 
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Fig. 4.53 Instantaneous reaction rates of Char 1 and Char 2 normalized to specific surface 
areas determined by CO2 adsorption at the medium range of char conversion (at 900 °C) 
Linear correlation was checked between the instantaneous reaction rate and the specific 
surface areas as measured by N2 adsorption for Char 1 and Char 2 at the medium range of 
conversion degrees (Fig. 4.54 and Fig. 4.55). 
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Fig. 4.54 Linear correlation between the reaction rate and N 2-SA at the medium range of 
char conversion for Char 1 
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Fig. 4.55 Linear correlation between the reaction rate and N2-SA at the medium range of 
char conversion for Char 2 
The comparison between the determination factors for the total range of measured 
conversion degrees and the determination factors of medium conversion degrees is shown in 
Table 4.20 below. 
Table 4.20 Comparison between the determination factors for the total range of char 
conversion degrees and medium conversion degrees 
Temperature, 
°C 
Total SA Micro SA Meso SA 
Total range 
X, R2 
Medium X, 
R2 
Total range 
X, R2 
Medium X, 
R2 
Total range 
X, R2 
Medium X, 
R2 
Char 1 
800 0.55 0.76 -0.845 -0.29 0.78 0.86 
850 0.77 0.79 0.4 0.41 0.97 0.97 
900 0.66 0.9 0.3 0.74 0.92 0.96 
950 0.74 0.91 0.63 0.98 0.86 0.92 
Char 2 
800 0.75 0.97 0.17 0.76 0.76 0.95 
850 0.6 0.87 -0.08 0.61 0.68 0.94 
900 0.47 0.75 -0.32 0.62 0.27 0.88 
950 0.52 0.93 -0.76 0.92 0.98 0.92 
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At the medium conversion degrees, reaction rate revealed reasonable linear correlation with 
SA. The weakest linear correlation was found in the case of the Micro SA and especially 
Submicro SA (DR and DFT-SA, e.g. Fig. 4.56), indicating that presumably micropores did not 
govern the reaction rate. However, in the case of Char 2 the average determination factor for 
Micro SA correlation was found higher than in the case of Char 1. 
 
Fig. 4.56 Linear correlation between the reaction rate and CO 2-SA at the medium range of 
char conversion for Char 1 and Char 2 
The highest average determination factor was found between the instantaneous reaction rate 
and Meso SA for both chars. It is important to note that the average determination factors for 
both chars were close to each other at the medium range of conversion degrees (ca. 
R2=0.93). However, at the total range of conversion degrees the average determination 
factor of Char 1 was larger than the one of Char 2 (0.88 and 0.67, respectively).  
The correlation between the reaction rate and Total SA revealed intermediate values of 
determination factor similar for both chars.  
Normalized reaction rate: nonlinear correlation at the total range of conversion 
Typically, linear correlation is expected between the instantaneous reaction rate and the 
specific surface area measured at the corresponding conversion degree. Based on the 
findings of this study, it was no ideal linear correlation observed. As such, other possible 
correlations between the reaction rate and measured surface areas at the total range of 
conversion were checked, such as exponential and power-law relations. The results of the 
determination factors are shown in Table 4.21. 
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Table 4.21 Comparison of the determination factors of linear, exponential, and power -law 
correlations between the instantaneous reaction rates and different specific surface areas   
Temperature, 
°C 
Meso SA Total SA 
Linear, R2 
Exponential, 
R2 
Power law, 
R2 
Linear, R2 
Exponential, 
R2 
Power law, 
R2 
Char 1 
800 0.78 0.80 0.80 0.55 0.02 0.01 
850 0.97 0.87 0.87 0.77 0.20 0.26 
900 0.92 0.96 0.93 0.66 0.94 0.95 
950 0.86 0.80 0.81 0.74 0.97 0.96 
Char 2 
800 0.76 0.67 0.56 0.7 0.82 0.78 
850 0.67 0.66 0.65 0.6 0.33 0.35 
900 0.27 0.14 0.12 0.47 0.57 0.6 
950 0.98 0.91 0.92 0.52 0.25 0.26 
Some of the determination factors indicated well pronounced exponential correlation between 
the instantaneous reaction and measured specific surface areas (e.g. gasification of Char 1 
at higher temperatures). Nevertheless, generally linear correlation described the relationship 
between the reaction rate and surface area in the most precise way, especially in the case of 
Meso SA. 
4.3.3 Normalized reaction rate kinetic evaluation 
Meso SA has been found to be the best parameter to govern the gasification reaction rates of 
Char 1 and Char 2 at the medium conversion degrees (X=20-50 %). The reaction rate 
normalized to Meso SA revealed the most adequate trend following the definition of the 
normalized reaction rate. The closest linear correlation was also achieved between the 
reaction rate and Meso SA. According to this finding, surface-related kinetic evaluation was 
derived from the correlations shown in Fig. 4.54 and Fig. 4.55. Reaction rate coefficients 
(knorm) were taken as slopes of the linear correlations between the instantaneous reaction 
rate and Meso SA and plotted employing Arrhenius approach (Fig. 4.57).  
  
 CHAPTER 4 Results and Discussions 
 
 
119 
 
 
Fig. 4.57 Determination of the kinetic parameters by means of the normalized surface -
related reaction rate evaluation using the Arrhenius approach 
Derived kinetic parameters are shown in Table 4.22 below. 
Table 4.22 Kinetic parameters derived from the normalized reaction rate (surface-related) 
approach, based on the correlation from Fig. 4.54 and 4.55. 
Kinetic evaluation 
method 
Normalized reaction rate (surface-related) approach 
Kinetic parameters Ea, J/mol A0, g/min m
2 
Char 1 (200-315 µm) 95058 34.03 
Char 2 (200-315 µm) 116373 168 
Derived kinetic parameters were reapplied in the kinetic equation of the overall reaction rate 
in order to check how well the derived equation can fit the experimentally obtained data.  
In order to reapply the kinetic data to the experimental results following equation was used 
(Eq. 4.8): 
dX
dt
= A0 exp (−
Ea
RT
) (1 − X) ∙ MesoSA(X),      (Eq. 4.8) 
where MesoSA(X) is the correlation of the Meso SA development shown in Fig. 4.25 and 
described by polynomial trend (Table 4.12 and 4.13). The applicability of the kinetic data to 
predict the experimental results for both chars is shown in Fig. 4.58 and 4.59. 
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Fig. 4.58 Predictions of the kinetics from normalized reaction rate (Meso SA) approach vs. 
the experimental data of Char 1: conversion as a function of time 
The absolute and relative errors between the experimental and predicted data are calculated 
and shown in Table 4.23. 
Table 4.23 RMSE and rRMSE of the measured and predicted conversion degrees (X) of 
Char 1 and Char 2 by the normalized reaction rate reaction rate approach 
Temperature, 
°C 
RMSE, - 
Char 1 Char 2 
800 0.082 0.058 
850 0.066 0.12 
900 0.049 - 
950 0.025 - 
Temperature, 
°C 
rRMSE, % 
Char 1 Char 2 
800 21.9 18.04 
850 12.3 25.9 
900 9.4 - 
950 105 - 
In the case of Char 2, normalized reaction rate approach failed predicting of the experimental 
data at 900 and 950 °C, due to the unclear trend of the Meso SA(X) (Fig. 4.59).  
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Fig. 4.59 Predictions of the kinetics from normalized reaction rate (Meso SA) approach vs. 
the experimental data of Char 1: dX/dt as a function of X 
Some of the experimental data profiles were reasonably well predicted by the normalized 
reaction rate approach. However, some of them were not. It is thought, that specific surface 
area is not a sole determination criterion to describe and affect the profiles of gasification rate 
and some further investigations are required. Nevertheless, this approach can reasonably 
well predict a trend of the gasification reaction rate profile, what cannot be done by some 
kinetic models (e.g. VM and SCM) and by the instantaneous reaction rate approach. 
Moreover, this method is model-free and based on the direct measurements of the structural 
properties. Detailed comparison of three kinetic evaluation approaches is shown below. 
4.3.4 Comparison of different approaches for kinetic evaluation 
The last section of this chapter discusses and compares three applied approaches for the 
kinetic evaluation, provides summary of the results, and introduces global kinetic equations. 
Reaction rate constants used in different kinetic evaluation methods are summarized in 
Table 4.24. The natural logarithms of reaction rate constants were plotted vs. reciprocal 
temperature employing the Arrhenius approach. It is again important to note, that all of the 
values of the reaction rate constants are free of the effects of the CO2 partial pressures, since 
they were normalized to the average outlet concentrations (10 vol.% and 25 vol.% in the 
case of Char 1 and Char 2, respectively).  
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Table 4.24 Summary table of the reaction rate constants derived from differen t kinetic 
evaluation methods 
Samples Temperature, °C 
Reaction rate constants, k 
Kinetic 
models 
(RPM) 
Instantaneous 
rr 
Normalized rr 
kRPM, 
1/min 
kX=50, 
g/g min 
knorm, 
g/min m2 
Char 1 
800 0.12 0.17 0.0008 
850 0.14 0.21 0.0013 
900 0.23 0.36 0.0017 
950 0.31 0.47 0.003 
     
Char 2 
800 0.05 0.07 0.0004 
850 0.08 0.15 0.0007 
900 0.10 0.19 0.0007 
950 0.20 0.33 0.002 
Table 4.25 demonstrates kinetic parameters as derived by different methods. 
Table 4.25 Kinetic parameters derived from different kinetic evaluation methods 
 Ea, kJ/mol 
A0, 
1/min 
A0, g/g min A0, g/min m
2 
Kinetic 
evaluation 
method 
Kinetic 
models 
Instantaneous 
rr 
Normalized 
rr 
Kinetic 
models 
Instantaneous 
rr 
Normalized 
rr 
 RPM 
Rinst(X50), g/g 
min 
Rinst/S(X), 
g/min m2 
RPM 
Rinst(X50), g/g 
min 
Rinst/S(X), 
g/min m2 
Char 1 74 80 95 419 1215 34 
Char 2 104 103 116 5409 8330 168 
Activation energies obtained for Char 2 are slightly larger than this for Char 1. Pre-
exponential factors of Char 2 are larger than those of Char 1; however, the difference in 
reaction rates of two chars is not that significant. This observation can be explained by the 
compensation effect: higher pre-exponential factor of Char 2 is partly compensated by its 
slightly higher activation energy (57). 
Generally speaking, measured activation energies were found to be relatively low for the 
brown coal chars in comparison to the values reported in some literature (e.g. lignite coal 
char Ea=185 kJ/mol in (55) or see Table 2.1 in Chapter 2). This could be explained by the 
specifics of the chars: both chars were found to be highly reactive towards CO2 under given 
conditions. The values of activation energies are rather comparable as derived by different 
methods, while pre-exponential factors are significantly different and cannot be directly 
compared, due to different theoretical background of the used methods. Based on the 
results, kinetic equations for two chars derived by different methods can be expressed as 
follows (Eq. 4.9 – 4.14): 
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Char 1 
Rov,RPM =
dX
dt
= 419 exp (−
74
8.31 T
) [PCO2](1 − X)[1 − 2.54 ln(1 − X)]
1
2   (Eq. 4.9) 
Rinst = (
1
1−X
)
dX
dt
= 1215 exp (−
80
8.31 T
)  [PCO2]      (Eq. 4.10) 
Rnorm = (
1
1−X
)
dX
dt
∙
1
MesoSA(X)
= 34 exp (−
95
8.31 T
) [PCO2]    (Eq. 4.11) 
Char 2 
Rov,RPM =
dX
dt
= 5409 exp (−
104
8.31 T
) [PCO2](1 − X)[1 − 3.3 ln(1 − X)]
1
2   (Eq. 4.12) 
Rinst = (
1
1−X
)
dX
dt
= 8330 exp (−
103
8.31 T
)  [PCO2]      (Eq. 4.13) 
Rnorm = (
1
1−X
)
dX
dt
∙
1
MesoSA(X)
= 168 exp (−
116
8.31 T
) [PCO2]    (Eq. 4.14) 
 
In an effort to compare the results derived from different approaches and to reapply the 
kinetic equation from the one approach to another, the results were recalculated to the same 
approach. RPM kinetic equation and normalized reaction rate kinetic equation were 
recalculated to the instantaneous reaction rate approach. Table 4.26 demonstrates the 
equations proposed to recalculate two kinetic evaluation methods to the instantaneous 
reaction rate approach. 
Table 4.26 Recalculation of the different kinetic evaluation approaches to the instantaneous 
reaction rate 
Kinetic evaluation 
method 
Reaction rate equation Recalculated to instantaneous (at X=50 %) 
Kinetic model RPM Rov,RPM =
dX
dt
 (
1
1 − X
)
dX
dt
= Rov,RPM (
1
1 − X
) 
Normalized rr Rnorm = (
1
1 − X
)
dX
dt
∙
1
MesoSA(X)
 (
1
1 − X
)
dX
dt
= Rnorm MesoSA(X) 
Recalculated reaction rate constants are shown in Table 4.27. They were plotted using 
Arrhenius in order to derive recalculated values of activation energies and pre-exponential 
factors, which are summarized in Table 4.28. 
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Table 4.27 Recalculated reaction rate constants from the RPM and normalized reaction rate 
to the instantaneous reaction rate at X=50 % 
Samples Temperature, °C 
Recalculated reaction rate constants, k 
Kinetic 
models 
(RPM) 
Instantaneous 
rr 
Normalized rr 
kRPM (X=50), 
g/g min 
kX=50, 
g/g min 
knorm (X=50), 
g/g min 
Char 1 
800 0.18 0.17 0.16 
850 0.25 0.21 0.26 
900 0.39 0.36 0.37 
950 0.53 0.47 0.49 
     
Char 2 
800 0.08 0.07 0.13 
850 0.16 0.15 0.21 
900 0.23 0.19 0.27 
950 0.36 0.33 0.54 
Table 4.28 Kinetic parameters as determined by different approaches recalculated to the 
instantaneous reaction rate at X=50 % 
 Recalculated Ea, kJ/mol Recalculated A0, g/g min 
Kinetic 
evaluation 
method 
Kinetic 
models 
(RPM) 
Instantaneous 
rr 
Normalized 
rr 
Kinetic 
models 
(RPM) 
Instantaneous 
rr 
Normalized 
rr 
Char 1 79 80 81 1262 1215 1585 
Char 2 106 103 105 11998 8330 9556 
Three kinetic evaluation approaches can be comparable to one another and can yield similar 
kinetic parameters. The example of the recalculated data is shown in Fig. 4.60. 
Fig. 4.60 The ability of the kinetic data derived from one approach to be applicable by the 
other kinetic evaluation approaches 
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The observation suggests, that the kinetic parameters derived from different kinetic 
evaluation approaches can be successfully reapplied using another kinetic approach. 
However, it is also important to consider, which approach may reasonably predict 
experimental data. Based on the rRMSE calculations, estimating a relative error between the 
experimental and predicted data (conversion as a function of time), all approaches in the 
most of the cases fit better to the experimental data at lower gasification temperatures (800 
and 850 °C) than at higher once (Table 4.5, 4.8. and 4.23). Furthermore, normalized reaction 
rate approach failed to predict the experimental data at 900 and 950 °C in the case of Char 2. 
Nevertheless, an average (among all gasification temperatures) rRMSE of three methods are 
shown in Table 4.29. 
Table 4.29 Average rRMSE (among four gasification temperatures) and rRMSE at lower 
temperatures of three kinetic evaluation approaches for Char 1 and Char 2 
 Average rRMSE, % 
Kinetic evaluation 
method 
Instantaneous rr Kinetic model (RPM) Normalized rr 
Char 1 (200-315 µm) 64.8 38.6 37.2 
Char 2 (200-315 µm) 34.4 21.7 - 
 rRMSE at 800 and 850 C, % 
Char 1 (200-315 µm) 19.8 7.9 17.1 
Char 2 (200-315 µm) 15.1 6.4 22.0 
The RPM reasonably well fit the experimental data, since it assumes structural changes by 
introducing structural parameter 𝜓, but still not perfect, with the relatively high rRMSE, 
especially at higher gasification temperatures. The RPM is followed by the normalized 
reaction rate approach (according to the rRMSE calculations at lower temperatures in the 
case of Char 1). However, the normalized reaction rate is not always a reliable approach 
since it requires measurements of the specific surface area, which add another uncertainty to 
the calculations. Nevertheless, normalized reaction rate approach can be an alternative to 
the RPM, since it directly evaluates structural changes of the char during gasification. 
Instantaneous reaction rate yielded the least accurate fitting with the experimental data, since 
it does not consider any char structural changes. Furthermore, instantaneous reaction rate 
approach along with the VM and SCM is not able to predict the shape of profile of the overall 
reaction rate. The RPM and the normalized reaction rate approaches predicted reasonably 
well the shape of the overall reaction rate profile. 
Comparative Table 4.30 collects the advantages and disadvantages of using different 
methods to evaluate the gasification kinetics, based on the findings of this study. 
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Table 4.30 Comparative table of different kinetic evaluation approaches 
Method of kinetic evaluation Advantages of the method Disadvantages of the method 
Instantaneous reaction rate 
(mass-related) 
Model-independent; 
Allows kinetic evaluation at any 
conversion degree (in this study 
X=50 %). 
  The choice of the conversion 
degree may affect the kinetic 
parameters; 
  Does not take into account any 
structural changes (expresses 
homogeneous reaction); 
  Does not well predict a profile 
shape of the reaction rate. 
The RPM 
  Takes into account SSA 
changes; 
  Predicts experimental data most 
accurately; 
  Represents the observed 
structural changes most 
accurately; 
  Allows kinetic evaluation at any 
range of conversion degree (in 
this study up to 99 %); 
  Widely used in the literature. 
  Includes the calculation of 𝜓, 
which brings some uncertainty to 
the values of the kinetic 
parameters. 
  Does not take into account any 
changes of particle size. 
 
The VM 
  Takes into account the gradual 
change in density and porosity; 
  Widely used in the literature. 
  Does not take into account SSA 
changes; 
  Does not well predict a profile of 
the reaction rate; 
  Predicts experimental data least 
accurately. 
The SCM   Takes into account particle size change during conversion. 
  Does not well predict a profile of 
the reaction rate; 
  Does not take into account SSA 
changes. 
Normalized reaction rate 
(surface-related) 
  Model-independent; 
  Based on the direct SSA 
measurements (in this study on 
Meso SA); 
  Expresses the reaction rate as 
free of the effect of the surface 
area (as a function of the inherent 
properties); 
  Well predicts the shape of profile 
of the experimental data. 
 
  Requires additional 
measurements of the specific 
surface area; 
  It is not a standard approach. 
4.3.5 Subchapter summary 
The instantaneous reaction rates of Char 1 and Char 2 were normalized to the measured 
specific surface areas. The trends of the normalized reaction rates were not found to be 
ideally constant (against the definition), but with the pronounced ascending trend. Based on 
this observation following conclusions can be drawn: 
 Rather constant trends were observed in the case of the normalization to the Meso SA and 
Total SA; 
 Micro and Submicro SA revealed the most inadequate trend according to the definition. This 
indicates that Micro and Submicro SA most likely do not govern the reaction rate. 
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According to the theory, the linear correlation is expected between the instantaneous 
reaction rate and the measured specific surface areas. Based on the findings, following 
conclusions can be listed:  
 The most reasonable linear correlation was noticed between the instantaneous reaction 
rate and Meso SA for both Char 1 and Char 2. However, the average determination factor 
in the case of Char 1 is larger than in the case of Char 2 (0.88 against 0.67, respectively). 
 Submicro SA determined by CO2 adsorption failed to be linearly correlated to the reaction 
rate. 
Based on the findings of the previous subchapters, char structural changes are affected not 
only by the gasification reaction itself but also by char time-temperature history (especially at 
the early stages of the reaction) and by char fracture at the end of the gasification. As such, 
early and late stages of the reaction were excluded from the evaluation and following findings 
can be distinguished: 
 Normalized reaction rates at the medium conversion degrees revealed more pronounced 
constant trend than at the total range of conversion degrees; 
 The closest linear correlation was achieved between the reaction rate and Meso SA at the 
medium conversion degrees. The average determination factors in the case of Char 1 and 
Char 2 are close to each other (ca. R2=0.93). 
Since the best linear correlation was achieved between the instantaneous reaction rate and 
Meso SA at the medium range of conversion degrees, these results were used for the 
development of the kinetic equation by the normalized reaction rate approach. Reapplied 
kinetic parameters were able in the most of the cases to reasonably predict the experimental 
data. 
The comparison of three kinetic evaluation approaches revealed the following results: 
 The values of the activation energies are rather comparable as determined by different 
methods (74-95 kJ/mol for Char 1 and 103-116 kJ/mol for Char 2); 
 The values of pre-exponential factor are not comparable and dependent on the method 
used; 
 Pre-exponential factors obtained from the normalized reaction rate approach are the lowest; 
 The RPM predicts the experimental data in the most accurate way, while the instantaneous 
reaction rate approach (at X=50 %) revealed the weakest fit to the experimental data. It 
does not take into account any char structural changes; 
 Values of the activation energy and pre-exponential factor are comparable as recalculated 
to the same approach (instantaneous reaction rate at 50 %). 
To sum up, three different kinetic evaluation approaches yielded similar kinetic parameters. 
However, it is also important to consider how well the approaches may predict the 
experimental data. The most accurate fit to the experimental data was achieved by the RPM 
followed by the normalized reaction rate approach. According to the findings, char structural 
changes have to be taken into account while evaluating the kinetics. 
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CHAPTER 5 Conclusions and Recommendations 
In the framework of this study, physical structure changes of two German brown coal chars 
(Char 1 - Lusatian and Char 2 - Rhenish) have been extensively investigated during their 
gasification in a lab-scale fluidized bed reactor. The main objective of this study was to find a 
correlation between the structural changes of two chars and their gasification kinetics, 
evaluated by means of different approaches.  
Three main topics were consistently addressed in this study:  
 Evaluation of gasification kinetics of two brown coal chars under fluidization conditions; 
 Extensive structural analysis of two chars during their gasification; 
 Interdependence between structural changes and gasification kinetics. 
Special attention was paid to the justified choice of the technique to evaluate char structural 
properties. 
5.1 Major findings 
Each chapter of the thesis is concluded by the summary subchapter. Most significant results 
of this study are shown in accordance with the scope of the thesis presented in Chapter 1 
and listed below. 
5.1.1 Main conclusions of literature review  
Extensive literature review of the char physical structure role during char high-temperature 
conversion (gasification/combustion) has revealed that it is one of the most important 
parameters which influence char conversion rate. Physical structure of coals and chars can 
be typically described by specific surface area, density (true and apparent), porosity, pore 
volume, pore shape, pore size distribution, particle size distribution, etc. Coal physical 
structure to a certain extent is affected by its rank; however, a wide scattering of structural 
properties is noticed even among the samples of the same rank. When the correlation 
between the char conversion rate and char physical structure is investigated, char structure 
is typically presented by the specific surface area as proportional to the amount of the active 
sites. 
The BET method is usually used as a standard method to evaluate coal/char total specific 
surface area from the N2 and sometimes CO2 adsorption isotherms. However, there are 
many more adsorption interpretation methods existing which can be more suitable for the 
evaluation of the char specific surface area. 
In general, there is no clear pattern of the changes of the char specific surface area during 
char conversion. These changes depend on the vast of variables such as the kind of 
gasifying/oxidizing agent, temperature, pressure (absolute/partial), etc. No unambiguous 
opinion has been found on which specific surface area may govern char conversion rate. 
One of the important questions is whether a specific surface area as measured by 
conventional methods (e.g. N2 or CO2 physical adsorption) can be correlated to the changes 
of char conversion rate.  
This study also presents a large collection of the structural properties of coals and 
chars selected from various literature sources. 
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5.1.2 Critical overview of the measurement techniques 
Since char physical structure plays an important role during char high-temperature 
conversion process, it has to be carefully evaluated. Noteworthy, the term of ‘true’ physical 
structure or ‘true’ specific surface area of coal char does not exist. The choice of the 
measurement analytical technique to evaluate structural properties is crucial. Wide variety of 
the measurement techniques (as well as the interpretation methods) was applied in this 
study. Standard methods were complemented by rarely used approaches. The results 
delivered by different methods were contrasted and compared to one another. 
The BET method, typically used to interpret N2 adsorption isotherm and to evaluate total 
specific surface area, is not always correctly applicable especially in the case of microporous 
samples as coal chars and can yield an error of up to 37 %. Langmuir method was proposed 
to be used instead. 
Despite the significantly different mechanism of CO2 and N2 adsorption onto the porous 
surface of chars and different physical and theoretical approaches of the interpretation 
methods, the trends of the specific surface area changes were generally similar to one 
another. Relative changes of micropore surface areas as determined by N2 adsorption (t-plot) 
and CO2 adsorption (DR) are comparable to one another. However, absolute values of the 
specific surface areas determined by CO2 adsorption were in average larger than those 
determined by N2 adsorption; 
It has been confirmed that Hg porosimetry technique evaluates the largest entrance of the 
pore. As such, some pores which considered as macropores by Hg porosimetry analysis are 
considered as mesopores by N2 adsorption technique. Moreover, Hg porosimetry technique 
is not able to detect structural changes occurring within the range of pores of microscale. The 
results of Hg porosimetry are recommended to be treated as relative trends. 
To sum up, the application of the combination of the different techniques and methods 
allowed proper determination of the following char structural properties in this study: specific 
surface areas (Total SA, Meso SA, Micro SA, and Submicro SA), porosity, pore volume, 
pore sizes/shapes, density (true and apparent), particle size distribution, pore length, 
fractal dimensions, char structure morphology, structural parameter. 
5.1.3 Char structural changes during gasification 
As soon as the structural properties of char samples have been properly determined, the 
results were evaluated. Generally speaking, structural changes of two brown coal chars 
revealed similar relative trends, which were found to be rather temperature independent 
during their gasification in fluidized bed. However, absolute values and trends of two chars 
differ from one another.  
Special attention has been paid to the determination of the specific surface areas of pores of 
different sizes: Total SA, Meso SA, Micro SA, and Submicro SA. One of the most important 
findings is that the share of mesopores as well as the specific surface area of 
mesopores (Meso SA) were gradually increasing with char conversion in the case of both 
chars. The share of micropores and the specific surface area of micropores (Micro SA) were 
rather decreasing as the reaction proceeded. 
It has been also revealed that at the earliest and latest degrees of char conversion structural 
(specific surface area) changes might not be purely caused by the reaction itself. At the 
earliest conversion degrees char structural changes were caused by the char heat treatment 
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or/and by switching from the inert atmosphere to the reactive. At the latest conversion 
degrees structural changes were influenced by the mechanical fracture of the particles. 
The particle size of the samples of both chars was found to remain rather constant up to 50-
60 % of char conversion. At the later stages of char conversion, particles were noticed to 
decrease in size and fracture into smaller pieces. This observation was confirmed by the 
SEM images. 
5.1.4 Normalized surface-related reaction rate 
Extensive structural investigations allowed the development of the normalized reaction rate 
(surface-related) kinetic evaluation approach. The instantaneous reaction rates of Char 1 and 
Char 2 were normalized to the measured specific surface areas (Total SA, Meso SA, Micro 
SA, and Submicro SA) at the corresponding conversion degrees in order to identify pores of 
which size are available for the reaction. The earliest and latest conversion degrees were 
excluded from the evaluation due to the phenomena described in paragraph 3. 
The closest linear correlations were observed between the reaction rates of both chars and 
the changes of the specific surface area of mesopores (Meso SA). This suggested that for 
this particular set of the gasification experiments Meso SA governed the reaction rate, 
rather than Micro SA. These linear correlations were taken as a base for the developing 
kinetic evaluation approach. Thus, changes of the Meso SA, described by the polynomial 
trend, were employed as the structural (surface-related) factor in the kinetic equation. As a 
result, self-developed surface-related kinetic evaluation approach was applied in order to 
derive the kinetic parameters – Ea and A0. 
5.1.5 Kinetic evaluation: different approaches 
Beside the self-developed surface-related kinetic evaluation approach, instantaneous 
reaction rate (at X=50 %) and kinetic models (the RPM, the VM, and the SCM) approaches 
were used to evaluate gasification kinetics in this study. The values of the activation energies 
are rather comparable as determined by different approaches (74-95 kJ/mol for Char 1 and 
103-116 kJ/mol for Char 2). The values of a pre-exponential factor are not comparable and 
dependent on the approach used .However, different kinetic evaluation approaches can be 
recalculated to the same one (instantaneous reaction rate approach at X=50 %). 
To sum up, three different kinetic evaluation approaches yielded similar kinetic parameters. 
Nonetheless, it is also important to consider how well the approaches may predict the 
experimental data. The most accurate fit to the experimental data was achieved by the RPM 
followed by the normalized reaction rate approach. According to the findings, char structural 
changes have to be taken into account while evaluating the kinetics. 
Therefore, experimentally observed structural changes were compared and contrasted to the 
assumptions of the kinetic models. The RPM most reasonably reflected observed 
structural changes in comparison to the VM and SCM. This finding may substantiate a wide 
application of the RPM among the experimental and modeling studies. None of the models 
was able to describe the real behavior of the char particle size changes. 
The instantaneous reaction rate approach does not consider any char structural changes and 
does not well predict experimental data. Normalized reaction rate (surface-related) approach 
takes into account directly measured structural changes (specific surface area changes); 
however, this approach requires additional measurements and it is not a standard one. 
 CHAPTER 5 Conclusions and Recommendations 
 
 
131 
 
5.2 Significance of the findings 
 This research provides a better understanding of the physical structure changes during 
brown coal char gasification; 
 This thesis presents a critical application of the different techniques used to evaluate 
coal/chars physical structure properties; 
 Specific surface area as measured by conventional technique of gas adsorption can be 
considered as a parameter which governs the gasification reaction rate. Meso SA (as 
determined by N2 adsorption, BJH) governs the reaction rate and can be considered within 
the kinetic evaluation; 
 This thesis demonstrates a critical application of the different kinetic evaluation approaches 
with respect to the importance of the char physical structure and its changes during char 
conversion. 
 The results of this study have been already mentioned and proposed to be applied in two 
numerical simulation studies (16), (17). 
5.3 Recommendations 
In order to get accurate results on the char structural properties, the following 
recommendation should be taken into consideration:  
 None of the techniques to evaluate coal/char physical structure is perfect. However, a 
combined application of them as well as the understanding of their theoretical background 
may provide a reasonable overall picture of the char structure. 
The findings of this study denoted some important questions which can be recommended for 
investigations: 
 The term of closed porosity was addressed in this study. Conventional methods such as 
gas adsorption analysis and Hg porosimetry technique are not able to evaluate closed 
porosity. SAXS analysis could shed the light on the significance of the closed porosity on 
the gasification mechanism of brown coal chars. 
 The phenomenon of char particle fracture was observed at the later stages of char 
conversion. It is important to specify whether the fracture was caused due to the specifics of 
fluidized bed regime or due to the structural properties of chars (e.g. too thin pore walls) or 
both. Some other equipment can be used to compare the results. 
 General trend in structural changes of two chars were found to be similar to one another. 
However, structural changes of Char 2 in some cases were less pronounced than those of 
Char 1. This observation can be related to the influence of the partial pressure on the 
development of the specific surface areas. The results shown in this study are insufficient 
for the detailed discussions of the influence of the CO2/CO partial pressures on the 
structural development of both chars. 
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Appendix A  
CHAPTER 2 Literature Review 
A.1  New classification of adsorption isotherms 
 
Fig. A1.1 New classification of adsorption isotherms 
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A.2  Porosities of the chars prepared from different coals 
 
Fig. A.2.1 Porosities of the chars prepared from different coals  (27), (95), (101), (219) 
(Hg porosimetry) 
Fig. A.2.1 demonstrates the variation of porosities among the chars derived from brown, 
bituminous, and subbituminous coals. In fact, the results indicate that the porosity scatters for 
the chars of the same rank.  
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A.3  Structural properties of the different chars  
Table A.3.1 Structural properties collected from various literature sources of the chars 
prepared from different coals under different pyrolysis conditions 
Samples (pyrolysis 
temperature) 
VM, % 
daf 
Specifics of 
pyrolysis Porosity, % SSA N2/CO2 Reference 
Lignite (1300 K) - 60 K/min 46.6 not specified (n.s.) (93) 
Semianthracite (1273 
K) 3.27 60 K/min 
28 5/- 
(96) Semianthracite (1273 
K)* 3.55 55 5/- 
Bituminous (Australia) 
(1373 K) 1.27 
Pressurized 
pyrolysis 
82.8 
(macropores) -/264.5 
(27) 
Bituminous (Australia) 
(1373 K) 1.14 
77.1 
(macropores) -/243.2 
Bituminous (Australia) 
(1373 K) 1.23 
90.9 
(macropores) -/259.3 
Bituminous (Australia) 
(1373 K) 1.28 
83.8 
(macropores) -/242.4 
Bituminous (Australia) 
(1373 K) 1.19 
94.1 
(macropores) -/253.9 
Anthracite (1273 K) 
n.s. 30 K/min n.s. 
100/- 
(149) Anthracite (1573 K) 125/- Bituminous (1273 K) 43/- 
Bituminous (1573 K) 60/- 
Bituminous1 (1373 K) 
n.s. n.s. 
71.5 
(macropores) 2.89 (n.s.) 
(157) 
Bituminous1 (1573 K) 71.9 (macropores) 3.43 (n.s.) 
Bituminous1 (1673 K) 53.6 (macropores) 5.29 (n.s.) 
Bituminous2 (1373 K) 84.3 (macropores) 4.65 (n.s.) 
Bituminous2 (1573 K) 71.8 (macropores) 4.12 (n.s.) 
Bituminous2 (1673 K) 56.3 (macropores) 17.2 (n.s.) 
Bituminous3 (1373 K) - 3.52 (n.s.) 
Bituminous3 (1573 K) 95.9 (macropores) 3.5 (n.s.) 
Bituminous3 (1673 K) 97.3 (macropores) 6.23 (n.s.) 
Slovak brown coal 
(1073 K) 4 2-5 K/min 13 100/- (155) 
Bituminous (1673 K) 
n.s. 
Rapid 
pyrolysis 
(heating rate 
ns) 
n.s. 
-/200 
(38) Bituminous (1673 K) -/170 Bituminous (1673 K) -/190 
Bituminous (1673 K) -250 
Char1 (n.s.) (1473 K) 
n.s. 
Rapid 
pyrolysis 
(heating rate 
n.s.) 
n.s. 
6.9/- 
(32) Char1 (n.s.) (1773 K) 15.5/- Char2 (n.s.) (1473 K) 83/- 
Char2 (n.s.) (1773 K) 39.3/- 
Bituminous (973 K) 27.88 20 K/min n.s. 1.39/- (220) Bituminous (1173 K) 12.7 3.46/- 
Coking char (1223 K) n.s. 5 K/min 64.8 32.0/- (221) 
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Coking char (1223 K) 68.1 23.3/- 
Subbituminous (1300 
K) n.s. 
1300 K/s 38 -/310 
(222) 10 K/min 25 -/88 30 -/192 
Thai-lignite (1073 K) 13.42 50 K/min 
n.s. 
-/314.7 
(156) Thai-lignite (1073 K) 26.99 Slow pyrolysis (10K/min) -/223.5 
Lignite (1173 K) 2.97 
n.s. n.s. 
66/- 
(167) 
Lignite (1173 K) 2.26 68/- 
Lignite (1173 K) 1.91 141/- 
Bituminous (1173 K) 1.21 13/- 
Bituminous (1173 K) 1.03 1/- 
Bituminous (1173 K) 1.25 1/- 
Anthracite (1173 K) 1.33 6/- 
Anthracite (1173 K) 2.56 13/- 
Lignite (1223 K) 9.2 
Intermediate 
pyrolysis 
(50 K/min) 
n.s. 
228/- 
(176) Subbituminous (1223 K) 5.85 214/- 
Bituminous (1223 K) 3.75 251/- 
Bituminous (1073 K) n.s. 150 K/s n.s. 1/- (60) Anthracite (1073 K) 13/- 
Bituminous (1173 K) 
n.s. 
Rapid 
pyrolysis 
(n.s.) 
n.s. 
-/123 
(61) Bituminous (1173 K) -/100 
Lignite (1173 K) -/150 
Binxian coal (1373 K) 
n.s. 
Rapid 
pyrolysis 
(n.s.) 
n.s. 
-/130 
(164) Binxian coal (1673 K) 
Rapid 
pyrolysis 
(n.s.) 
-/120 
Binxian coal (1173 K) Slow pyrolysis (n.s.) -/213 
Table A.3.1 summarized the values of porosity and surface areas collected among several 
studies. Pyrolysis conditions are also mentioned in Table A.3 (maximal pyrolysis temperature 
and heating rate) as well as the volatile matter content of the devolatilized char. 
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A.4  Process conditions of combustion and gasification experiments 
Table A.4.1 – Process conditions of combustion experiments derived from different literature 
sources (Fig. 2.10) 
Sample 
Particle 
size, 
mm 
Pyrolysis conditions Combustion conditions Notes 
Referen
ce 
Reactor 
Final 
temperature, 
K 
Reactor Temperature, K   
Pocahontas 
n.s. 
Lab. 
tube 
furnace 
1273 TGA in air 
789 Temperature
s were 
selected to 
ensure that 
the reaction 
took place 
under 
chemically 
controlled 
regime. 
(95) 
Upper 
Freeport 750 
Pitt #8 732 
Lewiston-
Stockton 731 
Blind canyon 690 
Illinois 711 
Wyodak 624 
Beulah 624 
Jiaozuo 
0.175 TGA 
1273 
TGA in 
O2/CO2 
1273 
 (149) 1573 1573 
Yunfu 1273 1273 1573 1573 
S.African 0.09 IPFR 1473 IPFR 1573  (135) 1173 
Subbituminous 6 FB  FB 1023  (82) 
Table A.4.2 – Process conditions of gasification exper iments derived from different literature 
sources (Fig. 2.11) 
Sample Particle size, mm 
Pyrolysis conditions Gasification conditions 
Reference Reactor Final temperature, K Reactor 
Final 
temperature, K 
Bituminous 
char1 0.04 DTF 1673 PDTF 1573 (38) Bituminous 
char 2 
Yarabee char 1 
0.135 TF 1423 
TF (air) 653 (81) 
 Yarabee char 2 TF (CO2) 1073 
TGA – Thermal Gravimetrical Analysis 
IPFR – Isothermal Plug Flow Reactor 
PDTF – pressurized drop tube furnace 
FB - Fluidized bed reactor 
DTF – Drop Tube Furnace 
TF – Tube Furnace 
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Appendix B  
CHAPTER 3 Experimental 
B.1  Related DIN standards and equipment 
Table B.1.1 List of the related DIN standards used in this study 
Analysis DIN 
Water content DIN 51718 
Volatile matter DIN 51720 
Ash content 815 °C DIN 51719 
Ash composition DIN 51729-10 
Apparent density/pore size distribution DIN 66133 
True density DIN 66137 
Specific surface area (BET method) DIN 66131 
 
Table B.1.2 List of the related equipment used in this study 
Name Manufacturer Item type 
Drying cabinet 
VEB Elektro – Industrieofenbau 
Römhild, 
RE 100 
Drying cabinet Memmert UNP 500 
Rotating sample divider Retsch PT 1000 
Sieving device Retsch VS 1000 
Cutting mill Retsch SM 2000 
Vibrating mill Herzog HSM 100 P 
X-ray fluorescence (XRF) Bruker AXS S8 Tiger 
Analyzer of the particle size 
distribution 
Retsch Camsizer-XT 
Hg porosimeter Micromeritics Autopore IV 9500 
He pycnometer Micromeritics AccuPyc 1330 
Surface area analyzer Micromeritics 3 Flex 
Scanning electron microscope FEI Deutschland Quanta 250 FEG 
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B.2  The influence of the particle size on the gasification reaction rate 
of Char 1 
 
Fig. B.2.1 Influence of the particle size on the gasification kinetics 
The experiments were conducted in 100 % CO2 for both size fractions (200-315 µm) and 
(315-500 µm). The conditions are as follows (Table B.2.1): 
Table B.2.1 Operation conditions for the gasification experiments of the larger size fraction 
of Char 1 (315-500 µm) 
Temperature, °C Gas flow for particle size 200-315 µm Gas flow for particle size 315-500 µm 
850 1513 ml/min (STP) 3600 ml/min (STP) 
950 1333 ml/min (STP) 3100 ml/min (STP) 
The influence of the particle size on the gasification reaction is considered as negligible. 
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B.3 Comparison of the char conversion profiles via CO and CO2. 
 
Fig. B.3.1 Char conversion profiles calculated via CO and CO 2 balance 
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B.4 Calculations of fractal dimensions 
Fractal characteristics of the pyrolyzed coals and its corresponding partially gasified chars 
were evaluated in order to study changes of char irregularity (self-similarity) as the reaction 
proceeded. The calculation of the fractal dimension from the results of N2 adsorption is based 
on the Frenkel-Halsey-Hill (FHH) method. 
This appendix briefly describes the procedure of calculation of fractal dimensions by the 
example of two partially gasified samples of Char 1 and Char 2. The approach of calculation 
of fractal dimensions was partially borrowed from (147) and based on the results of N2 
adsorption analysis. 
The N2 isotherms profiles for two samples are shown below (Fig. B.4.1). 
Fig. B.4.1 N2 isotherms profiles for Char 1 and Char 2 
Isotherms are reversible at lower partial pressures and yield hysteresis loops at higher partial 
pressures, indicating a capillary condensation within the mesopores. Isotherms’ profiles were 
figuratively divided into two regions of partial pressures: 0-0.5 and 0.5-0.99. Using the 
Frenkel-Halsey-Hill (FHH) method (equation is shown in Chapter 3), results of N2 adsorption 
were recalculated according to the equation in lnV (volume of N2 adsorbed) and lnlnP0/P and 
plotted in order to reveal a linearity. Data recalculated at the range of partial pressures 
between 0-0.5 did not reveal a reasonable linearity and were not considered for further 
interpretation. Data recalculated at 0.5-0.99 partial pressures resulted in a sufficient linearity 
(Fig.B.4.2): 
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Fig. B.4.2 Application of the Frenkel-Halsey-Hill (FHH) method at the range of P0/P from 0.5 
to 0.99 
The slope of the line is considered to be a constant A, used in the equation of the FHH 
method. Fractal dimensions were calculated using two methods as follows: 
D1 = 3 ∙ A 
D2 = 3 ∙ A + 3 
In the case of Char 1, the values of D2 for some of the samples of Char 1 were found to be 
below two, which contradicts the theoretical background of fractal dimensions (143). D1 was 
taken into account for further evaluation in this study. 
Calculated fractal dimensions were found to be in a range between 2 and 3, where 2 is 
considered for chars of homogeneous pore size distribution and flat pore surface, while 3 
infers inhomogeneous pore size distribution and irregular and rough pore surface. Fig. B.4.1 
demonstrates the change of fractal dimensions for both Char 1 and Char 2 during their 
gasification at different temperatures. 
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Fig. B.4.3 Fractal dimension as a function of char conversion at 800, 850, 900 and 950 °C 
for Char 1 and Char 2 
As it could be seen, there is a trend of fractal dimension to decrease as the reaction 
proceeded. This trend is more obvious in the case of Char 1. In general, the values of fractal 
dimensions of the sample of Char 2 are slightly higher than those of Char 1. This observation 
can be related to the more microporous structure of Char 2.  
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B.5 Parallel measurements of N2 and CO2 adsorption on the samples of 
Char 2 
Table B.5.1 Parallel measurements of N2 and CO2 adsorption on the sample of Char 2 
gasified at 900 °C up to X=4 % 
N2 adsorption 
Sample_T_X 
VN2, 
cm3/g 
Total 
SA, 
m2/g 
Micro 
SA, 
m2/g 
Meso 
SA, 
m2/g 
Slit-like pore, nm Mesopore, nm 
Char 2_900_4% (I) 0.26 456 265 85 0.427 3.89 
Char 2_900_4%(II) 0.26 454 265 85 0.427 3.94 
CO2 adsorption 
Sample_T_X 
V CO2, 
cm3/g 
DR 
SA, 
m2/g 
DFT 
SA, 
m2/g 
DA 
SA, 
m2/g 
Remarks 
Char 2_900_4% (I) 0.062 337 533 936 
Same set of measurements* 
Char 2_900_4% (II) 0.062 334 519 833 
Initial Char 2 (I) 0.08 515 619 883 
Different sets of measurements** 
Initial Char 2 (II) 0.08 525 573 1245 
*As it has been mentioned in the experimental description, Surface Area Analyzer 3 Flex allows performing three simultaneous 
measurements at once at three separate sample ports. ‘Same set of measurements’ indicates that two samples of the same 
material were placed in two sample ports and simultaneously analyzed during one measurement run. 
** ‘Different sets of measurements’ indicates that two samples of the same material were analyzed during two separate 
measurement runs. 
Remarkably, the values of surface area of the sample measured simultaneously during one 
measurement run are almost identical, while the values of surface areas derived for the same 
sample but during separate measurements differ more from one another. The deviation in 
values of surface areas derived by N2 adsorption is less than those derived by CO2. This can 
be explained by more stable operating conditions during the N2 adsorption analysis (constant 
temperature), while ice-slurry used for the measurements with CO2 might cause some 
uncertainty to the temperature of the measurements. 
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B.6 Parallel measurements of particle size distribution for the samples 
of Char 2 
Repeated measurements of the particle size distribution (Camsizer-XT) for the samples of 
Char 2 gasified at 800 C up to X=35 % and 51 % were performed. Based on the calculations, 
average relative standard deviation was estimated of 13 % (bars are shown in Fig. B.6.1 
below). 
 
Fig. B.6.1 Repeated measurements of the particle size distribution 
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Appendix C 
CHAPTER 4 Results and Discussions 
C.1 Raw data from gasification experiments 
Table C.1.1 Raw data of Char 1 gasification in fluidized bed at four different temperatures 
800 °C 850 °C 900 °C 950 °C 
Time, min Conversion X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.000 
4.1 0.028 4.4 0.033 4.0 0.042 4.4 0.011 
8.2 0.055 8.8 0.067 8.0 0.086 8.8 0.073 
12.2 0.082 13.1 0.099 12.0 0.130 13.1 0.135 
16.2 0.109 17.5 0.133 16.1 0.175 17.4 0.196 
20.3 0.136 21.9 0.166 20.1 0.219 21.8 0.258 
24.3 0.162 26.4 0.199 24.2 0.263 26.2 0.321 
28.3 0.188 30.8 0.232 28.2 0.307 30.5 0.383 
32.4 0.214 35.2 0.265 32.2 0.351 34.8 0.443 
36.4 0.240 39.4 0.297 36.3 0.395 39.2 0.505 
40.4 0.265 43.8 0.330 40.3 0.438 43.5 0.566 
44.5 0.289 48.2 0.361 44.3 0.482 47.9 0.627 
48.5 0.313 52.6 0.385 48.4 0.524 52.2 0.686 
52.5 0.337 56.9 0.416 52.3 0.566 56.6 0.743 
56.6 0.360 61.3 0.447 56.4 0.606 61.0 0.797 
60.5 0.383 65.7 0.478 60.4 0.644 65.3 0.848 
64.5 0.405 69.9 0.505 64.4 0.680 69.7 0.898 
68.5 0.427 74.3 0.529 68.5 0.714 74.0 0.943 
72.6 0.449 78.7 0.553 72.5 0.748 78.4 0.976 
76.6 0.470 83.1 0.577 76.6 0.780 82.8 0.990 
80.6 0.491 87.5 0.601 80.6 0.810 87.2 0.993 
84.7 0.511 91.8 0.624 84.5 0.841 91.5 0.994 
88.8 0.531 96.2 0.647 88.6 0.870 95.9 0.996 
92.8 0.550 100.6 0.670 92.6 0.896 100.2 0.997 
96.9 0.569 105.0 0.692 96.7 0.919 104.6 0.998 
100.9 0.588 109.3 0.712 100.8 0.938 109.0 0.999 
104.9 0.606 113.7 0.732 104.9 0.953 113.4 0.999 
108.9 0.624 118.1 0.751 108.9 0.965 117.7 0.999 
113.0 0.641 122.4 0.769 112.9 0.975 122.1 1.000 
117.1 0.659 126.7 0.785 117.0 0.983 126.5 1.000 
121.1 0.676 131.1 0.800 121.0 0.989   
125.2 0.693 135.5 0.815 125.0 0.992   
129.2 0.709 139.9 0.829 129.1 0.994   
133.3 0.724 144.2 0.843 133.1 0.996   
137.2 0.739 148.6 0.856 137.1 0.996   
141.3 0.754 153.0 0.869 141.1 0.997   
145.3 0.768 157.3 0.882 145.1 0.998   
149.4 0.782 161.7 0.894 149.1 0.999   
153.4 0.796 166.0 0.905 153.1 0.999   
157.4 0.809 170.4 0.916 157.3 1.000   
161.4 0.822 174.8 0.925     
165.4 0.834 179.1 0.933     
169.5 0.846 183.5 0.940     
173.6 0.858 187.9 0.947     
177.5 0.869 192.2 0.954     
181.6 0.879 196.5 0.960     
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185.6 0.889 200.9 0.966     
189.7 0.898 205.3 0.971     
193.7 0.907 209.7 0.976     
197.8 0.915 214.1 0.980     
201.8 0.923 218.4 0.983     
205.8 0.930 222.8 0.987     
209.8 0.937 227.2 0.989     
213.9 0.943 231.6 0.992     
217.8 0.949 235.9 0.994     
221.9 0.955 240.3 0.995     
225.9 0.960 244.6 0.997     
230.0 0.965 249.0 0.998     
234.0 0.969 253.3 0.999     
238.1 0.973 257.7 1.000     
242.0 0.977       
246.0 0.980       
250.1 0.983       
254.0 0.986       
258.0 0.988       
262.1 0.990       
266.1 0.992       
270.1 0.994       
274.2 0.996       
278.2 0.997       
282.3 0.999       
286.3 1.000       
 1.000       
 
Table C.1.2 Raw data of Char 2 gasification in fluidized bed at four different temperatures 
800 °C 850 °C 900 °C 950 °C 
Time, min Conversion X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
0.0 0.000 0.00 0.000 0.0 0.000 0.0 0.000 
5.6 0.064 5.37 0.112 5.4 0.055 4.0 0.175 
11.0 0.126 10.73 0.225 10.8 0.165 9.7 0.422 
16.5 0.187 16.35 0.335 16.4 0.311 15.1 0.632 
21.9 0.246 21.75 0.437 21.8 0.444 20.6 0.821 
27.3 0.304 27.15 0.533 27.2 0.567 26.0 0.989 
32.7 0.362 32.58 0.622 32.8 0.674 31.7 0.997 
38.4 0.419 37.98 0.706 38.2 0.772 37.1 0.999 
43.8 0.472 43.42 0.774 43.6 0.868 42.6 1.000 
49.5 0.526 48.80 0.831 49.0 0.955   
55.0 0.577 54.20 0.887 54.4 0.994   
60.4 0.624 59.82 0.942 59.8 0.996   
66.1 0.672 65.22 0.982 65.5 0.997   
71.5 0.718 70.62 0.994 71.1 0.998   
77.1 0.764 76.00 0.995 76.5 0.999   
82.6 0.802 81.62 0.996 82.0 0.999   
88.3 0.840 87.02 0.997 87.3 1.000   
93.8 0.876 92.42 0.998     
99.3 0.910 98.10 0.998     
104.7 0.942 103.57 0.999     
110.0 0.962 108.95 0.999     
115.7 0.975 114.38 0.999     
121.2 0.981 120.08 0.999     
126.8 0.986 125.53 1.000     
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132.2 0.989       
137.7 0.991       
143.1 0.993       
148.5 0.995       
153.9 0.996       
159.5 0.997       
164.9 0.997       
170.3 0.998       
175.7 0.998       
181.4 0.999       
186.9 0.999       
192.3 0.999       
197.7 0.999       
203.3 1.000       
 
Table C.1.3 Raw data of Char 1 gasification in TGA at four different temperatures 
800 °C 850 °C 900 °C 950 °C 
Time, min Conversion X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
Time, 
min 
Conversion 
X, - 
0 0.000 0 0.000 0 0.000 0 0 
4 0.100 4 0.075 8 0.171 4 0.209 
8 0.151 8 0.150 12 0.262 8 0.327 
12 0.206 12 0.221 16 0.362 12 0.444 
16 0.258 16 0.287 20 0.449 16 0.559 
20 0.309 20 0.346 24 0.530 20 0.667 
24 0.355 24 0.399 28 0.610 24 0.770 
28 0.397 28 0.450 32 0.685 28 0.871 
32 0.438 32 0.500 36 0.756 32 0.946 
36 0.477 36 0.550 40 0.821 36 0.979 
40 0.512 44 0.648 44 0.875 44 0.987 
44 0.545 48 0.696 48 0.918 48 0.991 
48 0.575 52 0.742 52 0.947 52 0.994 
52 0.600 56 0.789 56 0.968 56 0.996 
56 0.622 64 0.857 60 0.984 64 0.998 
60 0.641 68 0.882 64 0.993 68 0.999 
64 0.658 72 0.905 68 0.996   
68 0.672 76 0.925 72 0.998   
72 0.685 80 0.941 76 0.999   
76 0.698 84 0.956     
80 0.709 92 0.976     
84 0.719 96 0.982     
88 0.729 100 0.987     
92 0.739 104 0.991     
96 0.748 108 0.995     
100 0.758 116 0.998     
104 0.767 120 0.999     
108 0.776 124 0.999     
112 0.785       
116 0.793       
124 0.808       
132 0.823       
140 0.837       
144 0.844       
148 0.850       
152 0.857       
156 0.863       
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160 0.870       
164 0.876       
168 0.882       
172 0.888       
176 0.894       
180 0.900       
184 0.905       
188 0.911       
192 0.916       
196 0.921       
200 0.926       
204 0.931       
208 0.936       
212 0.940       
216 0.945       
220 0.949       
224 0.953       
228 0.957       
232 0.960       
236 0.964       
240 0.967       
244 0.970       
248 0.973       
252 0.976       
256 0.979       
260 0.982       
264 0.984       
268 0.986       
272 0.988       
276 0.990       
280 0.992       
284 0.993       
288 0.995       
292 0.996       
296 0.997       
300 0.998       
304 0.999       
308 0.999       
312 1.000       
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C.2 Recalculation to the same CO2 (Vol. %) outlet concentration 
 
Fig. C.2.1 Char conversion profiles of Char 1 and recalculated profiles of X(t) of Char 2 at 10 
Vol. % 
 Appendix C 
 
161 
 
C.3 Instantaneous (mass-related) kinetic evaluation at different 
conversion degrees 
 
Fig. C.3.1 Determination of the kinetic parameters by means of the instantaneous mass -
related reaction rate evaluation at different conversion degrees using the Arrhenius 
approach 
Table C.3.1 Kinetic parameters determined by the instantaneous reaction rate approach at 
different conversion degrees (X=10…90 %) 
Conversion 
degree X, % 
Char 1 Char 2 
Ea, J/mol A0, g/g min Ea, J/mol A0, g/g min 
10 56919 69.1 82410 357 
20 59485 101 90903 1407 
30 64128 183 99404 4004 
40 71657 441 101082 5413 
50 79408 1215 103410 8330 
60 86499 2833 102969 8720 
70 91784 5928 107207 17096 
80 110714 48291 146181 1279525 
90 123653 333701 215960 5661756405 
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C.4 Phenomenon of structural parameter𝝍 
Structural parameter 𝜓 used in the RPM equation reflects the physical structure of the char 
and its changes during char conversion. According to the model’s assumptions, initial 
physical structure of the char determines the entire gasification reaction as a function of 
conversion degree (X). As such, by definition 𝜓 is estimated from the direct measurements of 
the structural properties of the initial char prior the gasification (Eq. C.4.1): 
𝜓 (calc) = 4πL0 (1 − ε0)/ρappS0
2      (Eq. C.4.1) 
In this study, 𝜓 was estimated by three methods, which were discussed in Chapter 2 and 
Chapter 3. First, 𝜓 (calc)was calculated directly from the measured structural properties of the 
initial (pyrolyzed) Char 17. In order to calculate 𝜓(calc), a total length of the pores was 
estimated by the self-developed approach, described in Chapter 3 of this study. The value of 
the estimated total pore length for the initial sample of Char 1 was 1.64E+11 m/g. Moreover, 
values of total pore length during char conversion were estimated (Table C.4.1 and 
Table C.4.2). As it is seen from tables, total pore length was decreasing as the reaction 
proceeded.  
Table C.4.1 Calculated values of total pore length of the initial as well as of the partially 
gasified samples of Char 1 
Temperature, °C Char conversion X, % Total pore length L, m/g 
Initial char sample - 1.64E+11 
800 
11 1.43E+11 
19 1.00E+11 
31 8.36E+10 
49 1.87E+10 
82 1.15E+10 
850 
13 6.31E+10 
20 7.64E+10 
30 4.33E+10 
67 6.63E+9 
92 3.10E+9 
900 
13 7.80E+10 
18 4.08E+10 
31 4.27E+10 
48 1.21E+10 
78 4.21E+9 
950 
7 3.78E+10 
13 4.24E+10 
32 4.49E+10 
51 2.34E+10 
63 - 
 
 
 
 
 
                                               
7 Char structural properties have been determined from Hg porosimetry and N2 adsorption analysis. 
The initial sample of Char 2 was not evaluated by N2 adsorption, due to the specifics of its structure, 
which has been discussed in this study. Therefore, 𝜓 (calc) was only estimated for Char 1. 
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Table C.4.2 Calculated values of total pore length of the initial as well as of the partially 
gasified samples of Char 2 
Temperature, °C Char conversion X, % Total pore length L, m/g 
Initial char sample - - 
800 
9 1.61E+11 
13 1.28E+11 
25 9.86E+10 
35 8.70E+10 
51 6.59E+10 
76 6.45E+10 
850 
8 1.78E+11 
17 1.12E+11 
33 7.17E+10 
40 7.42E+10 
48 7.11E+10 
67 5.64E+10 
77 3.01E+10 
900 
4 1.15E+11 
11 1.06E+11 
30 8.61E+10 
50 6.27E+10 
66 1.35E+10 
950 
35 4.6E+10 
43 4.06E+10 
63 5.6E+10 
80 9.39E+9 
Second, structural parameter 𝜓 was calculated based on the maximum gasification rate 
(Eq. C.4.2) 
𝜓(Xmax) =
2
2 ln(1−Xmax)+1
        (Eq. C.4.2) 
Values of 𝜓(Xmax) calculated by this method were found to be in a range between 2 and 4, 
this confirms not pronounced maximum peaks of the overall reaction rate curves. 
Finally, 𝜓 was derived by fitting of the experimental data to the RPM equation predicting the 
value of SA for the samples of Char 1 at each conversion degree (Eq. C.4.3). 
SV(X) = S0,V(1 − X)√1 − 𝜓ln (1 − X)       (Eq. C.4.3) 
The fitting method is based on the idea, that knowing the initial specific surface area of the 
char, one can predict a surface area of the char at any conversion degrees by varying 𝜓. 
However, the value of the initial specific surface area of the char determined by conventional 
methods can be underestimated, because of the existence of the closed microporosity. 
Fitting method was applied for surface areas of different pore sizes (Total SA (N2 adsorption, 
BET/Langmuir), Meso SA (N2 adsorption, BJH)). The values of 𝜓(fitted Total SA) and 
𝜓(fitted Meso SA) as well as other 𝜓 determined by different methods are shown in 
Table C.4.3. 
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Table C.4.3 Structural parameters 𝜓 determined by different methods for both Char 1 and 
Char 2 
Temperature, °C Structural parameter Char 1 Char 2 
800 
𝜓(calc) Initial structure 5.98 - 
𝜓(Xmax)* 2.41 2.74 
𝜓(fitted Total SA) 2.61 - 
𝜓(fitted Meso SA) 86.4 - 
850 
𝜓(Xmax)* 2.15 4.07 
𝜓(fitted Total SA) 2.67 - 
𝜓(fitted Meso SA) 8.4 - 
900 
𝜓(Xmax)* 2.78 3.13 
𝜓(fitted Total SA) 1.79 - 
𝜓(fitted Meso SA) 8.6 - 
950 
𝜓(Xmax)* 2.82 3.25 
𝜓(fitted Total SA) 3.07 - 
𝜓(fitted Meso SA) 7.6 - 
* 𝜓(Xmax) is used in this study to evaluate gasification kinetics, while applying the RPM. 
Micropore SA was also used as a base for determination of 𝜓(fitted Micro SA); however, it 
did not reveal reasonable fitting results. It infers that changes of micropore SA (as 
determined by N2 adsorption – t-plot method and CO2 adsorption – DR method) do not follow 
the RPM pattern.  
Generally, 𝜓 parameters derived by means of different methods are comparable to one 
another. 𝜓(calc) for the initial sample of Char 1 is larger than 𝜓(Xmax). 𝜓(fitted Meso SA) was 
found larger at all studied temperatures than 𝜓(fitted Total SA). However, Meso SA is not 
commonly used as a fitting parameter. 
Structural parameters evaluated by means of different methods were applied to the RPM 
equation in order to study the influence of structural parameter on the values of kinetic 
parameters. The results are summarized below in Table C.4.3. 
Table C.4.4 Influence of structural parameter 𝜓 on the kinetic parameters of Char 1 
𝝍 Ea, kJ/mol A0, 1/min 
𝜓(Xmax) 73.55 418.7 
𝜓(fitted Total SA) 76.44 572.6 
𝜓(calc) 76.49 427.9 
As it is seen from Table C.4.3, the values of activation energies slightly differ from one 
another, while pre-exponential factor defined via 𝜓(fitted Total SA) is ca.35 % higher than the 
one defined via 𝜓(Xmax).  
 Appendix C 
 
165 
 
C.5 Char 1 gasification in TGA 
For the sake of comparison of the gasification behavior, Char 1 was gasified in TGA reactor 
(‘Rubotherm’). Similar conditions and approaches were chosen for the gasification of Char 1 
in TGA. Experimental set-up is schematically shown in Fig C.5.1. Gasification conditions are 
summarized in Table C.5.1. 
 
Fig. C.5.1 TGA experimental set-up 
Table C.5.1 Operational conditions of the complete gasification experiments of Char  1 in 
TGA 
Gasification conditions in TGA 
Temperature, °C 800 850 900 950 
Initial amount of char, mg 50 50 50 50 
Particle size fraction, µm 200-315 200-315 200-315 200-315 
CO2 (inlet) concentration, % 100 100 100 100 
The experiment at each temperature was running until there no mass change was detected 
(Δm=0). Carbon conversion degree (X) was calculated based on the mass-loss as follows 
(Eq. C.5.1): 
X =
m0−m
m0−mash
,          (Eq. C.5.1) 
where X, (-) – carbon conversion; m0 – initial mass, g; m – current mass, g; mash – mass of 
the ash, g.  
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Fig. C.5.2 Conversion of Char 1 as a function of time at 800, 850, 900, and 950 °C in 
fluidized bed and TGA 
Fig. C.5.2 demonstrates the profiles of char conversion as a function of time in the case of 
both TGA and fluidized bed gasification.  
The gasification kinetics of the TGA experiments was evaluated by means of the kinetic 
models and also via instantaneous reaction rate approach (as described in Chapter 3). The 
Arrhenius approach was applied in order to derive kinetic parameters (Fig. C.5.3). 
 
Fig. C.5.3 Determination of the kinetic parameters by means of the kinetic models and 
instantaneous reaction rate using the Arrhenius approach for the gasification in TGA 
Kinetic parameters are summarized in Table C.5.2.  
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Table C.5.2 Kinetic parameters derived by different kinetic evaluation approaches for the 
Char 1 gasified in TGA 
 Ea, kJ/mol A0, 1/min A0, g/g min 
Kinetic evaluation 
method 
Kinetic models 
Instantaneous 
rr 
Kinetic models 
Instantaneous 
rr 
RPM VM SCM 
Rinst(X50), 
g/g min 
RPM VM SCM 
Rinst(X50), 
g/g min 
Char 1 (200-315 
µm) 
107 127 119 89 1401 28396 6437 387 
Kinetic parameters derived from the experiments in TGA were reapplied to the experimental 
results of the fluidized bed. 
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C.6 Absolute values of pore volume 
Table C.6.1 Absolute values of volume of micro, meso, and macropores of the samples of 
Char 1 as determined by Hg porosimetry 
Temperature, °C 
Char 
conversion 
X, % 
Micropore 
volume, 
cm3/g 
Mesopore volume, 
cm3/g 
Macropore volume, 
cm3/g 
Initial char 
sample - 0.18 0.01 0.3 
800 
11 0.21 0.03 0.32 
19 0.3 0.03 0.33 
31 0.3 0.06 0.36 
49 0.27 0.27 0.46 
82 0.3 0.35 0.89 
850 
13 0.22 0.07 0.33 
20 0.27 0.04 0.31 
30 0.23 0.16 0.36 
67 0.31 0.58 0.69 
92 0.13 0.41 1.22 
900 
13 0.23 0.03 0.03 
18 0.22 0.11 0.34 
31 0.24 0.11 0.33 
48 0.27 0.66 0.99 
78 0.13 0.66 0.99 
950 
7 0.24 0.11 0.33 
13 0.24 0.08 0.032 
32 0.27 0.11 0.34 
51 0.29 0.24 0.35 
63 0.25 0.55 0.69 
  
 Appendix C 
 
169 
 
Table C.6.2 Absolute values of volume of micro, meso, and macropores of the samples of 
Char 2 as determined by Hg porosimetry 
Temperature, °C 
Char 
conversion 
X, % 
Micropore 
volume, 
cm3/g 
Mesopore volume, 
cm3/g 
Macropore volume, 
cm3/g 
Initial char 
sample - 0.17 0.01 0.16 
800 
9 0.22 0.01 0.16 
13 0.26 0.03 0.02 
25 0.32 0.04 0.21 
35 0.34 0.09 0.22 
51 0.33 0.13 0.57 
76 0.38 0.07 1.06 
850 
8 0.21 0.01 0.17 
17 0.28 0.04 0.19 
33 0.35 0.1 0.22 
40 0.39 0.11 0.24 
48 0.37 0.12 0.26 
67 0.39 0.17 0.28 
77 0.28 0.27 1.06 
900 
4 0.15 0.01 0.15 
11 0.31 0.04 0.19 
30 0.29 0.08 0.2 
50 0.36 0.15 0.25 
66 0.25 0.54 0.53 
950 
35 0.24 0.11 0.33 
43 0.26 0.26 0.27 
63 0.23 0.27 0.26 
80 0.23 0.59 0.53 
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C.7 Values of specific surface areas determined by different methods 
Table C.7.1 Specific surface area changes (Total, Micro, Meso SA) measured by N2 
adsorption during gasification of Char 1 
Temperature, °C Char conversion X, % 
Volume N2, 
adsorbed, 
cm3/g 
Total 
SA, 
m2/g, 
(dry) 
Micro 
SA, 
m2/g, 
(dry) 
Meso 
SA, 
m2/g, 
(dry) 
Initial char sample - 0.20 408 (L1) 342 27 
800 
11 0.25 474 (L) 370 102 
19 0.32 498 (L) 332 152 
31 0.37 534 (L) 193 142 
49 0.50 353 (B2) 59 253 
82 0.82 519 (B) 113 297 
850 
13 0.27 336 (L) 158 101 
20 0.26 347 (L) 163 102 
30 0.39 403 (L) 223 116 
67 0.93 434 (L) 153 204 
92 0.84 268 (B) - 219 
900 
13 0.22 305 (L) 116 98 
18 0.31 308 (L) 109 125 
31 0.31 318 (L) 120 121 
48 0.56 324 (L) 93 153 
78 1.02 387 (L) 100 213 
950 
7 0.31 293 (L) 88 128 
13 0.29 292 (L) 81 124 
32 0.31 327 (L) 76 162 
51 0.47 343 (L) 117 146 
63 0.82 350 (L) 90 185 
1 L – The Langmuir method 
2 B – The BET method 
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Table C.7.2 Specific surface area changes measured by CO2 adsorption during gasification 
of Char 1 
Temperature, °C Carbon conversion X, % 
Volume 
CO2 
adsorbed, 
cm3/g 
DR 
SA, 
m2/g, 
(dry) 
DA SA, 
m2/g, 
(dry) 
DFT 
SA, 
m2/g, 
(dry) 
Initial char sample - 0.07 526 1724 558 
800 
11 0.07 553 2571 616 
19 0.07 663 6237 534 
31 0.06 490 4210 602 
49 0.03 167 609 263 
82 0.04 270 822 369 
850 
13 0.05 260 657 379 
20 0.05 257 634 362 
30 0.06 345 788 452 
67 0.02 197 1516 94 
92 0.01 62 261 137 
900 
13 0.04 231 690 334 
18 0.02 181 878 276 
31 0.02 197 1173 308 
48 0.03 195 474 290 
78 0.03 179 386 278 
950 
7 0.03 236 1716 279 
13 0.04 274 1184 293 
32 0.03 251 1375 310 
51 0.04 295 1424 310 
63 0.03 211 572 248 
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Table C.7.3 Surface area changes measured by N2 adsorption during gasification of Char 2 
Temperature, °C Char conversion X, % 
Volume N2, 
adsorbed, 
cm3/g 
Total 
SA, 
m2/g, 
(dry) 
Micro 
SA, 
m2/g, 
(dry) 
Meso 
SA, 
m2/g, 
(dry) 
Initial char sample - - - - - 
800 
9 0.25 495 (L) 383 57 
13 0.30 533 (L) 354 101 
25 0.37 596 (L) 328 153 
35 0.44 642 (L) 338 177 
51 0.51 679 (B) 287 200 
76 0.49 729 (B) 297 233 
850 
8 0.22 467 (L) 372 39 
17 0.34 545 (L) 303 130 
33 0.48 634 (L) 252 219 
40 0.52 699 (B) 283 231 
48 0.52 683 (B) 271 237 
67 0.60 714 (L) 245 284 
77 0.56 557 (B) 192 201 
900 
4 0.26 456 (L) 265 85 
11 0.34 528 (L) 250 134 
30 0.38 535 (L) 253 142 
50 0.50 615 (B) 240 229 
66 0.84 529 (B) 79 82 
950 
35 0.42 445 (L) 204 126 
43 0.49 482 (B) 186 160 
63 0.43 498 (L) 212 156 
80 0.91 484 (L) 21 339 
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Table C.7.4 Surface area changes measured by CO2 adsorption during gasification of Char 2 
Temperature, °C Carbon conversion X, % 
Volume 
CO2 
adsorbed, 
cm3/g 
DR, 
m2/g, 
(dry) 
DA SA, 
m2/g, 
(dry) 
DFT 
SA, 
m2/g, 
(dry) 
Initial char sample - 0.081 525 1245 573 
800 
9 0.086 49 867 669 
13 0.086 492 1315 617 
25 0.088 616 2353 353 
35 0.089 484 717 700 
51 0.088 461 609 675 
76 0.085 504 683 683 
850 
8 0.081 748 4481 573 
17 0.061 421 1374 565 
33 0.060 382 1064 1543 
40 0.082 406 966 671 
48 0.075 515 4373 294 
67 0.073 464 1169 600 
77 0.052 276 526 494 
900 
4 0.062 337 936 533 
11 0.064 432 1482 511 
30 0.065 325 949 566 
50 0.06 324 981 533 
66 0.028 186 705 122 
950 
35 0.060 310 766 491 
43 0.052 400 3505 446 
63 0.053 317 865 514 
80 0.025 147 926 273 
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C.8 Specific surface areas as evaluated by the BET and Langmuir 
methods 
Table C.8.1 Comparison of the BET (P/P0 0.05-0.35) and Langmuir methods for evaluating 
of Total SA of Char 1 
Conversion degree X, % Constant C BET surface area, m2/g (dry) 
Langmuir surface area, 
m2/g (dry) 
Initial char after pyrolysis -40.9 297±9.8391 408±1.6201 
 800 °C 
11 -53.8 363±10.21 474±2.09 
31 -48 420±10.99 534±3.10 
49 6003.6 355±3.58 352±3.52 
89 27101 500±5.59 501±4.66 
 850 °C 
13 -93.4 294±5.80 337±2.46 
20 -75.5 296±6.35 347±2.64 
30 -59.4 334±7.92 403±2.69 
67 -111.9 398±6.83 434±3.43 
92 73.49 268±1.19 230±2.87 
900 °C 
13 -95.9 271±5.25 305±2.75 
18 -108 282±5.25 308±2.75 
31 -94.6 287±5.67 318±2.82 
48 -133 303±5.00 324±2.82 
78 -206 371±5.11 388±3.35 
950 °C 
7 -125 269±4.83 289±2.74 
13 -239 279±3.88 292±2.77 
32 -241 293±4.03 312±2.87 
51 -113 313±5.48 342±3.07 
63 -194 335±4.73 351±3.07 
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Table C.8.2 Comparison of the BET (P/P0 0.05-0.35) and Langmuir methods for evaluating 
of Total SA of Char 2 
Conversion degree X, % Constant C BET surface area, m2/g (dry) 
Langmuir surface area, 
m2/g (dry) 
Initial char after pyrolysis - - - 
 800 °C 
9 -413 450±3.67 495±2.59 
13 -1083 500±2.88 533±3.16 
25 3073 574±2.16 596±4.00 
35 1106 626±2.20 642±4.54 
51 464 679±1.30 680±5.22 
76 395 698±0.96 694±5.44 
 850 °C 
8 -330 422±3.94 467±2.32 
17 1390 554±2.34 572±3.97 
33 404 636±1.13 634±5.04 
40 405 699±0.92 696±5.44 
48 398 683±0.70 681±5.33 
67 301 726±0.08 714±5.81 
77 280 557±0.14 546±4.82 
 900 °C 
4 2194 439±1.63 456±3.23 
11 805 518±1.54 528±3.93 
30 724 524±1.16 535±3.99 
50 374 615±0.51 610±4.89 
66 170 529±1.86 498±5.02 
950 °C 
35 553 439±0.75 445±3.51 
43 425 482±0.51 482±3.95 
63 509 494±0.86 498±3.90 
80 161 518±2.12 484±4.88 
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C.9 The change of the size of micro and mesopores during the 
gasification 
 
Fig. C.9.1 Changes of the sizes of micro and mesopores during the gasification of Char 1 
 
Fig. C.9.2 Changes of the sizes of micro and mesopores during the gasification of Char 2 
